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ABSTRACT

The report describes work undertaken at the Queens University of
Belfast and the University of Birmingham in the area of flexible pavement
analysis, 1
The first part deals with the enhanced pavement analysis program DEFPAV,
which is now suitable for use by a practising Engineer as well as the researcher.
The development of pavement models for two sections of road in Northern Ireland
is described in detail., These models have been used with considerable success
to predict the values of transient deflection and rut depth growth in the
field. The program has also been used to investigate the effect of surfacing
temperature on transient deflection and to compare deflection measurements
made with the use of a Standard Benkelman Beam lorry and the first British
built Deflectograph. An investigation of the effect of crack propagation
through a bituminous layer has been carried out, Other applicatiomsof the

program considered were the derivation of axle equivalence factors and the

effect of fabric inclusions in a pavement structure.

The second part describes a method of overlay thickness selection for
flexible pavements suitable for developiné countries where the minimum technical
infrastructure is available. The method makes use of the expertise developed
on the contract together with advances reported by a number of research centres
working in similar fields. It is shown that a rational selection of bituminous
overlay may be made with the aid of a transient deflection measurement and a
simple computational procedure which is suitable for mounting on a modern

programmable calculator. 1
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CHAPTER ONE

INTRODUCTION

Recent advances (1) in the development of structural design
procedures for flexible pavements have placed considerable emphasis on
the use of computer programs for multi-layer analysis. The development
of these computer programs has facilitated the prediction of load induced
stresses and strains throughout any specific pavement structure, One
such program is DEFPAV (2,3), which, in addition to computing the elastic
stresses and strains in a multi-layer pavement, can be used to predict
the lateral surface permanent deformation profile after any specified
number of wheel passes.

The computer program DEFPAV was produced in 1975 by Kirwan and
Snaith, and has been described in a previous report to the E.R.O. (4).
The program was developed as the successor to the program DYNASTCO, which
was produced by Kirwan and Glynn (5) in 1969.

In 1976 the program DEFPAV was modified (6) so that it could be
used more easily by the road engineer. This involved considerable
simplification to the input data and resulted in the 'Engineer's Version of
DEFPAV'., Further improvements have been implemented during 1977 as part of
the present research programme. An option has been incorporated within
the program which enables the user to decide whether to specify a finite
element grid or to use one which is generated automatically. The current
version is known as the 'Option Version of DEFPAV'. This version has
been made available to other pavement research centres, including Trinity
College, Dublin, and the University of Nottingham.

The 'OptionVersion of DEFPAV' has been used extensively at the
Queen's University of Belfast (Q.U.B.) in an effort to demonstrate the
application of multi-layer analysis to the assessment of pavement
performance and the prediction of maintenance requirements. The work,

described in this report, represents one facet of a continuing programme

of research into the maintenance of flexible pavements.




The construction details needed to model specific in-service
pavements were made available by the Roads Service of the Department of
the Environment for Northern Ireland (D.0.E.(N.I.)). Furthermore, it
has been possible to check various predictioms made using DEFPAV, by
comparison with pavement condition survey data collected for two joint
D.0.E.(N.I1.)/Q.U.B. research projects (7,8) which ran concurrently with
the work under discussion.

This report shows how the program DEFPAV has been used to model
specific in-service pavements in Northern Ireland and its application
to the following problems:

(a) Prediction of overlay requirements.

(b) Investigation of the influence of pavement temperature on

measured deflections.

(c) Correlation of Benkelman Beam and Deflectograph deflectionms.

(d) Prediction of the growth of permanent deformation.

(e) Investigation of the effect of crack propagation through the

bituminous layer.

(£) Derivation of load equivalence factors.

(g) Investigation of the effect of a fabric inclusiom.

It is hoped that the application of the program to the problems
listed will show that the use of computer aided pavement analysis can

bring about substantial savings in both time and money. 1In many cases,
full scale rocad tests could be replaced by an appropriate theoretical

analysis followed by small scale trials to verify the results.




CHAPTER TWO

THL COMPUTER PROGRAM DEFPAV

2.1. Introduction

This Chapter provides a brief description of the program DEFPAV (4).
The modifications leading to the 'Engineer's Version' and 'Option Version'
are listed. Furthermore, the results of a sensitivity study are presented,
showing the effect on computed surface transient deflections of changes

in various input parameters.

2.2. The Pavement Model

The case of a wheel load acting on a multilayer road pavement is
considered as an axially symmetric problem. As shown in Fig. 1, the

pavement layers (including the subgrade) are modelled as a three-dimensional

finite element grid. Each layer is subdivided into a system of elements,
which are connected at the nodes.

The wheel load is specified as a uniformly distributed pressure
over a circular contact area. This is applied by the program in the form
of a set of concentrated loads acting at the relevant nodes. For this
reason the finite element grid should be constructed so that a node is
situated at the boundary of the uniform load.

The boundary conditions are set automatically; i.e. the lateral
boundaries are restrained horizontally, whilst the base of the model is
restrained in both the horizontal and vertical directions.

Material properites (*Regsilient Modulus, Mr’ and Poisson's Ratio, u)
are specified for each layer of the structure. The resilient modulus
may be either linear or dependent on any one of a number of stress regimes. .

Fig. 2 summarizes the input to the program.

* Regsilient Modulus is defined as the applied dynamic deviator stress divided
by the total recoverable strain measured between successive applications
of stress (9).




2.3. Output from the Program

The elastic analysis (5) employes the successive over relaxation
technique to obtain the stresses in each element of the finite element
grid. When the elastic analysis is completed, a non-iterative procedure
makes use of the computed stress values and 'creep equations' (see Section
2.4) to calculate the vertical permanent strain independently for each
element. The strains are then converted to deformations, and summed for
each column of elements to give the overall surface permanent deformation,
or rut depth (Fig. 3).

This approach is similar to that used by Barksdale (10) and Romain (11).
The suitability of such a method for inclusion in a finite element program
had been proposed by Croney and Thompson (12).

Hence the full solution contains the elastic deflections at each
node, the stresses in each element, and the expected lateral surface

permanent deformation profile after any number of wheel passages.

2.4, Creep Characterization

The creep equations used in the non-iterative procedure following
the elastic analysis have been derived from the results of either repeated-
load triaxial or creep tests on specific construction materials. Each
equation relates the induced permanent strain to the imposed stresses.
Those incorporated in the current version of DEFPAV are as follows:

Equation 1 : Dublin boulder clay, after Kirwan and Snaith (13).

Equation 2 : Dense bitumen macadam, after Kirwan and Snaith (4).

Equation 3 : Dense bitumen macadam, after Brown and Snaith (14).

Equation 7 : Keuper Marl, after Kirwan et al (2).

2.5. Engineer's Version

The 1975 version of DEFPAV was modified (6) so that it could be
used more easily by the road engineer. The main changes are listed below (6):
(a) Expansion of the program to cope with a maximum of nineteen

layers.




(b)
(c)
(d)
(e)

(0

2.6, Option Version

Automatic horizontal and vertical grid generation.

Automatic boundary setting.

No deflection input.

Output of up to fifteen plastic solutions from only one
generation of the element stresses,

Improved output format.

result of these changes was the 'Engineer's Version of DEFPAV'.

Further improvements have been implemented during the course of

the current research programme. These were as follows:

(a)

(b)

Incorporation of a Grid Option

The Engineer's Version used only an automatic grid, so it was
decided to introduce a grid option whereby the user would
decide whether to use the automatic grid generation, or to
specify his own grid. The former would be suitable for the
road engineer, and the latter would be more appropriate for
research purposes.

The option was introduced near the start of the subroutine
DATAIN, and was impleménted by sﬁecifiing either zero or unity
for a variable named 'GRID'. Thus if GRID was specified as
zero, control passed to the automatic grid generation sequence,
and if specified as unity, control passed to the grid specifica-
tion sequence.

A maximum of five layers can be catered for using the automatic
grid generator. With the grid specification option, up to
nineteen layers are permitted.

Expansion of Automatic Grid Size

The boundary conditions assumed when modelling a pavement with
the program are that the lateral boundaries are restrained {

horizontally, whilst the base of the model is restrained both

e ————————————-—

horizontally and vertically. To improve the validity of these 4 i
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assumptions, both the automatic horizontal and automatic
vertical grids were expanded. This was achieved by changing
the original automatic grid generator.

The lateral position of the nodes was based on the radius of
the loaded area, and the horizontal grid was generated so that
there were five element columns of equal width under the loaded
area. This ensured that a column of nodes was located at the
boundary of the uniform load. The sixth element had the same
width, and thereafter the element widths were increased by a
certain factor {(either 2, 2.25, or 4.5, depending on the number
of layers in the pavement). Different factors were required as
the total number of nodes should not exceed 225, and the
maximum number of horizontal and vertical nodes is 16 and 20
respectively.

The automatic vertical grid was generated so that there were
four element rows per layer until the subgrade was reached, and
then the remaining nodes were used. Within each layer of the
pavement (excluding the subgrade), the vertical grid was
generated as a cubic function, based on the layer thickness,
This ensured that a row of nodes coiucided with the layer
interfaces. The vertical position of the nodes within the
subgrade was based on the thickness of the layer imme tely
above it, and varied as a ~ubir Tunction. A separate sequence
has been included for the cas¢ 2f a 'one-layer pavement'. The
vertical grid for this case uses ten clement rows, and is
generated as a square function, based on the layer thickness.

A typical automatic grid generation for a three-layer pavement

is shown in Fig. 4.
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(c) Incorporation of a Calibration Factor in the Creep Solution

It has been noted elsewhere (2) that rut depths predicted

using the program were consistently within an order of magnitude
of those measured. However, it is possible to introduce a
'weighting factor' so that the computed values agree with

those observed. This has been termed a 'calibration factor',
and may be specified for any layer of the pavement structure.
The effect is that the permanent strain values for that layer
are multiplied by the factor before the deformation values are
summed over all the layers.

(d) Compatibility with other Computers

The successor to the 'Engineer's Version' is known as the
'Option Version' of DEFPAV, and was developed in the ICL 1900
card code. The program was demonstrated at the Fourth
International Conference on the Structural Design of Asphalt
Pavements at Ann Arbor, Michigan, in August 1977 (2), after
conversion to suit the computer system in operation.

The 'Option Version' is currently available in the ICL 1900

and EBCDIC card codes.

2.7. Program Verification

With the increasing use of computer 'packages' in structural analysis,
it is important that the engineer should be wary of accepting the output
as an instant solution to his problems. The results must be viewed in the
light of the simplifying assumptions made in the formulation of the
mathematical model. In the case of DEFPAV, this includes those assumptions
made when assigning material properties to each layer.

However, successful verification will enable the user to accept
the results with more confidence. It has been stated (15) that the best
method of testing computer program results is to compare the computer
analysis with laboratory model studies or field test results. Another

approach is to use two or more programs to analyse a particular problem.

almsisimuaniitithastotiaty



Tre accuracy of the elastic solution obtained using the program
DYNASTCO has been tested by Kirwan and Clynn (5). Cases considered
included a four-layer pavement with non~linear elastic properties,
subjected to a single wheel load. This had been analysed by Duncan et al
(16). 1In each case satisfactory agrecement was obtained between the
finite element and a closed solution.

The accuracy of the creep computation obtained using DEFPAV has

been verified by Kirwan et al (2), who compared the computer analyses
with results from laboratory models. Cases considered were a triaxial
specimen of Dublin boulder clay, the Shell test track (17), and the

Nottingham test pit (18).

2.8. Sensitivity Study

A brief investigation has been carried out into the sensitivity
of the program DEFPAV to changes in various input parameters. These
include the form of the finite element grid, the simulation of the wheel
load, and the specification of the layer properties. The pavement models

used are typical of those adopted for later analyses.

2.8.1. Finite Element Grid Configuration

The boundary conditions assumed by the program are shown in Fig. 1.
As the effect of the applied load decreases with increasing distance
from its area of application, an increase in the overall size of the
pavement model will improve the validity of the various simplifying
assumptions shown in the figure. However, due to the limitation on
the total number of elements (225 maximum), the overall model size must
not be excessive., This may result in a grid composed of relatively large

elements which do not adequately simulate the behaviour of the pavement

structure.
To determine suitable dimensions for the pavement model, the

distance from the axis of symmetry to the lateral boundary was varied

|




whilst the depth to the base of the model was kept constant. Fig. 5
shows the resulting variation in transient deflection for a model having
a depth of 15 metres. There is a definite convergence as the distance
to the lateral boundary is increased. After further use of this trial
and error procedure, a model having an overall width of 10 metres and
depth 15 metres was adopted.

The internal form of the finite element grid was determined largely
by judgement. The smallest elements were used in the vicinity of the
applied load, and their aspect ratio (ratio of the larger dimension of
the element to the smaller dimension) kept close to unity. As a general
rule, four or five element columns of equal width were used under the
loaded area. Typical finite element configurations are shown in Figs

6 and 7.

2.8.2. Simulation of the Wheel Load

The Benkelman Beam vehicle has a rear axle load of 6350 kg (19),
equally divided between the twin wheel assemblies at each end of the axle.
The wheel load may be modelled using either a twin wheel assembly or a
single wheel assembly.

If a twin wheel assembly (Fig. 6) is adopted, the applied load
is assumed to be one quarter of the overall axle load. The contact
pressure is assumed to be equal to the specified tyre inflation pressure
of 590 kN/m2 (19). The value of the computed surface transient deflection
at the position of the Benkelman Beam shoe is doubled to take account of
the other wheel in the assembly.

In the case of the single wheel assembly (Fig. 7), the applied
load is assumed to be one half of the axle load, and the contact pressure
again taken as 590 kN/mz. The required surface deflection is that at
the axis of symmetry.

In both cases the load is applied uniformly over a circular

contact area, and the radius of the loaded area deduced from the wheel
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load and contact pressure. Table 1 summarizes the loaaing details for
the two types of wheel assembly. The general shape of the respective
deflection bowls is shown in Fig. 8. That for the twin wheel assembly
was derived by superposition of the separate bowls for each wheel in

the assembly. The deflection bowl forlthe single wheel assembly was
considered a better representation of the deflected pavement profile, and
this assembly was adopted for all further analyses,

The variation of transient deflection with the magnitude of the
wheel load has been investigated. As shown in Fig. 9, the computer
deflection is directly proportional to the applieq load. To establish
this relationship, the contact pressure was kept constant at 690 kN/m2
for all values of load. (In each case the finite element configuration
was generated automatically by the program.) An approximately linear
relationship between transient deflection and wheel load has been observed
in practice (20,21,22).

The effect of wariations in contact pressure at constant load has
also been considered. Fig. 10 shows the variation of transient deflection
whilst the wheel load has a fixed value of 3175 kg, It may be seen that,
over the range of practical tyre inflation pressures for heavy vehicles,
there is negligible change in deflection. (The finite element configurations
used in the derivation of this relationship were generated automatically

by the program.) This trend has also been observed in practice (22).

2.8.3. Specification of Material Properties

The sensitivity of the program to changes in the elastic parameters
M and v has been investigated.

The effect of variations in the value assigned to the resilient
modulus of the surface layer, Mrl (in a typical three-layer pavement
construction), will be considered in Chapter Three (Figs. 17 and 23). It
will be seen that as the resilient modulus increases there is a marked

reduction in deflection.




Fig. 11 shows how the transient deflection is influenced by changes

in the CBR value of the subgrade. As the CBR value rises there is a

corresponding fall in computed deflection. As noted in Chapter Three, a
tactor of 10 has been used to counvert the subgrade CBR value to the
corresponding resilient modulus (Mr3)' and a modular ratio of 2.5 adopted
to deduce the resilient modulus for the granular layer (Mr ).

The influence of Poisson’'s Ratio on the computer trinsient deflection
is shown in Fig. 12. It may be seen that only the value assigned to the
surface layer (ul) has any significant effect.

Similar trends have been reported by Bleyenberg et al (23) who

observed the effect of variations in material properties and test conditions

on calculated strains, soil pressures and deflections.

2.9. Limitations

The main limitation with the program is that, for the calculation
of the permanent strains in the pavement model, the lateral strain of one
column of elements is prevented from affecting the adjoining column.
However, it is hoped that a suitable mathematical solution will be found
to allow the iterative procedure used for the elastic solution to be
employed in the permanent deformation solution, and hence overcome this
deficiency (2).

As the pavement under load is considered as an axially symmetric
problem (Fig. 1), difficulties may arise when considering the case of a
wheel load close to the edge of an unpaved shoulder (5). The pavements
considered herein (Chapter three) have paved shoulders which are of lighter
construction than the pavement itself. A sensitivity study (Fig. 5) has
shown that the effect of the boundary is insignificant beyond 3 metres
(measured from the axis of symmetry). As wheel tracking is generally

4 metres from the outer edge of the paved shoulder, this is considered

acceptable.




- 12 -

2.10. Conclusion

The 'Option Version of DEFPAV' may be used by the road engineer to
compute the elastic stresses and strains induced in a road pavement by
a single wheel load. Furthermore, the lateral surface permanent deformation
profile may be estimated after any number of wheel passages. The program
has been verified for both the elastic and creep solutions. It should
be added, however, that any computations will only be as good as the

values assigned to the elastic parameters, and the validity of the

creep equations selected for each layer.
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CHAPTER THREE

DEVELOPMENT OF THE PAVEMENT MODELS

3.1. Introduction

To gain confidence in the use of computer-aided pavement analysis,
it is essential that existing roads should be modelled, so thac the
predicted performance can be compared with that which is observed. To
this end, two pavement sections in Northern Ireland have been modelled using
the computer program DEFPAV. These were:

(i) Hillsborough Test Section

The Hillsborough By-pass is a dual two-lane carriageway

forming part of Route Al which runs from the Sprucefield
interchange off the Ml Motorway, to Newry. The test section
considered is a 150 m length of the by-pass, and is located two
miles from the Sprucefield interchange. Only the North-bound
carriageway was considered in the analyses.

Because of the variability in measured deflections at this
section (Fig. 13), two test lengths were considered. Model A
represented conditions over a 20 m test length (Ch. 0.970 to
Ch. 0.990 km), and Model B represented conditions over the complete
150 m test section (Ch. 0.910 to Ch. 1.060 km).

(ii) Ml Motorway Test Section

The M1 Motorway is a dual two-lane carriageway which links
Belfast and Dungannon. The test section considered is 300 m
long (Fig. 14), and is situated between the Moira and Lurgan
interchanges. Only the West-bound carriageway was considered
for analysis (Ch. 3,120 to Ch. 3.420 km).

Conditions over the test sections should not be considered as

representative of the complete lengths of the respective routes. The test

— :




scvotions modelled were selected for the following reasons:

(1) The Hillsborough test section was overlaid in several stages,
and a deflection survey had been carried out between successive
overlay applications, This provided the necessary data to
compare deflections measured after overlaying with those
predicted wusing the computer program DEFPAV,

(ii) Severe rutting and some 'alligator' cracking had occurred on
the Ml Motorway test section. Consequently test pits had
been constructed by the Roads Service of the Department of
the Environment (Northern Ireland) for investigation of the
subgrade. To date, this pavement has not been overlaid.

This chapter describes the methods used to assign material properties

to each layer in the pavement models, and the subsequent calibration procedure.

3.2, Material Characterization

As noted in Chapter Two, the program DEFPAV performs an elastic
analysis to produce the transient deflections and stresses throughout

the pavement structure, and then makes use of '

creep equations' toestimate
the long term behaviour (rutting). It is clear that effective use of

the elastic analysis depends on the specification of appropriate values

for the elastic parameters (Mr,u) used to define the constituent materials.
Moreover, use of the 'long term' analysis depends on the selection (or
specification) of a suitable creep equation. Thus a major problem in
modeliing in-service pavements is the ability to characterize the constituent
materials. Ideally the materials should be tested either in situ or in the
laboratory, but unfortunately this was beyond the scope of the current
research programme. A review of literature relevant to the characterization

of the common pavement materials is presented elsewhere (24).

In view of the lack of direct test results for the pavements under

consideration, it was decided to select material characteristics initially ;




from research data (9,25-27). This involved some laboratory testing of

the subgrade material and is discussed more fully in Sections 3.4 and 3.5.
Consequently, a back analysis procedure was adopted in order to calibrate
the pavement models. This is discussed in Section 3.3. The lack of direct
test results for material properties emphasizes the need for such a

procedure.

3.3. The Concept of Back Analysis

The pavement model may be calibrated for transient deflection by
using a back analysis procedure to modify the values assigned to the layer
properties. The method is summarized in Fig. 15.

Simply, the pavement configuration is deduced from records, and a
three-layer structure defined (i.e. bituminous layer, granular layer, and
subgrade). The properties of each layer are selected initially from
research data (9,25-27) and the results of laboratory tests. The pavement
model is then loaded with a standard (3175 kg) wheel load, and the transient
deflection, analagous to the Benkelman Beam deflection, is computed. This
value is compared with that measured on the road pavement before overlaving.
(The assumption is made that the Benkelman Beam gives an absolute measure
of transient deflection.) The properties of the model layers are then
varied until a close correlation is obtained. The model is then considered
to be calibrated for transient detflection. (It should be noted that the
measured deflections used in the back analysis procedure were not corrected
to a standard temperature. This is discussed in Chapter Five.)

Furthermore, the model may be calibrated for rutting as shown in
Fig. 16. Using a chart proposed by Brown (28) the material properties of
the bituminous layer are modified to take account of average vehicle speeds.
which are much higher than the creep speed associated with the Benkelman
Beam vehicle. A 'creep equation' (Section 2.4) is then assigned to each

layer which is considered to contribute to the overall permanent deformation.

4
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{(Evidence of permanent deformation in the bituminous layer may be found by
taking cores acruss the pavement.) The pavement model is then loaded with

4 standard (4100 kg) wheel load, and the rut depth computed after a specified
number of wheel passages (i.e. an estimate of the number of Standard Axle
passages up to the date of the pavement survey). The computed rut depth

is compared with the measured value, and close correlation obtained by
altering the value of the 'calibration factor' (Section 2.6(c)) associated

with each creep equation, The model is then calibrated for rutting.

3.4. Modelling the Pavement at the Hillsborough Test Section

3.4,1. Estimation of Layer Properties

The pavement configuration obtained from records (29) was simplified
to a three-layer structure for the computer analyses. The methods used
to assign values for the Resilient Modulus (Mr) and Poisson’s Ratio (v) to

each layer are summarized below.

Layer 3 - Subgrade

A site investigation was carried out to obtain subgrade samples
for CBR and compaction tests. A test pit was located on an embankment
section adjacent to the North-bound carriageway (Ch 0.979 km). Disturbed
subgrade samples were obtained for identification and compaction tests.
A CBR mould was used to collect an 'undisturbed' sample for determination of
the CBR value, the in situ moisture content and dry density. The laboratorv
results are given in Table 2.

A value for the resilient modulus of the subgrade (Mrg) was aobtained
by two different methods. The first made use of a correlatién established

by Heukelom and Klomp (26) between the dynamic elastic modulus of the subgrade

and its CBR value. The second approach employed a chart produced by Kirwan

s i

and Snaith (9) which related resilient modulus to the in situ dry density

and moisture content, Table 2 summarizes the results obtained. The value




tor Pelsson's Ratio was taken to be U4, us supgested by Pell and Brown (27).
v L& 5

Layer 2 = Crushed Rock Base

It has been shown (26) thut the modular ratio between an unbound
granular layer and the underlaying subgrade may be considered constant,
with a value of 2.5. This enabled a value to be assigned to the resilient
modulus of the crushed rock base (Table 3). The value assigned to Poisson's

Ratio was 0.3 (27).

Layer 1 - D.B.M. Surface lLayer

The value used initially lor the resilieont modulus of the bituminous
layer was 3720 MN/mz, after Snaith (25). However, it was necessary to
calibrate the pavement model for transient deflection, and this was
achieved by use of the back analysis procedure (Section 3.3) to modify
the value assigned to the resilient modulus. The procedure is described
in Section 3.4.3,.

The value assigned to Poisson’s Ratio was 0.4 (27).

A summary of the values of Resilient Modulus and Poisson's Ratio
used to characterize the test lengths on the Hillsborough test section is

glven in Table 3.

3.4.2. Simulation of the Rear Wheel Load of the Benkelman Beam Vehicle

The rear wheel load of the Benkelman Beam vehicle was simulated
using a single wheel assembly (Section 2.8.2). The assumed contact pressure

was 590 kN/mz, uniformly distributed over an area of 130 mm radius.

3.4.3. Calibration of the Models tor Transient Deflection

The computer model for each test length was calibrated by use of a
back analysis procedure to find a particular value for the surface layer
modulus (Mr ) corresponding to a calibration deflection. The calibration

1

deflection was taken as the mean value of the measured deflections before

overlaying.




A relationship (Fig. 17) between the computed transient deflection
and the surface layer modulus was established using the finite element
configuration shown in Fig. 18, This relationship was used to find the
value ot Mr corresponding to the calibration deflection for each test

1
length. Tre values obtained are given in Table 3.

[t may be seen (Fig. 17) that the calibration deflection for Model B
is 16 per cent less than that tor Model A, resulting in a corresponding
increase of 20 per cent in the value of the surface layer modulus. Althouph
the surtace layer was nominally identical for both test lengths, the differen.«
in surface layer modulus values between the two test lengths was considered
acceptable.

Only the modulus value assigned to the surface layer has been modified
in the calibration procedure, as least was known about the properties of
this layer. 1t must be stated, however, that the variation in the mean
defiection values between the two test lengths could be interpreted as

being due to different subgrade or base conditions, or some combination of

these,

3.4.4, Simulation of the Standard Axle Wheel Load

The Standard Axle¢, which has a specified load of 8200 kg (30), was
assumed to have a single (4100 kg) wheel assembly at each end. The contact
pressure was taken as 620 kN/mz, and the radius of the loaded area was
144 mm.

The traffic flow over the Hillsborough test section (before overlaying)
was defined in terms of the cumulative number of standard (8200 kg) axles
which had passed over it between the opening date (November 1974) and the
completion of overlaying (November 1976). Data obtained from records (29)
indicated that, at the nearest census point, the average daily flow of
vehicles in each direction was 5500 in August 1974. The cumulative number
of standard axles which had passed over the test section during the two

year period before overlaying was estimated to be 0.47 million.




3.4050 Cadibrarion of the Mudels for Rutring

oniv Model B (Ch. 0.910 to Ch. 1.060 km) was used to model the

Hilisborough test secticn for ructing., Modei A (Ch. 0.970 to Ch. 0.990 km)

wdas not used because only three measured rut depth values were available.

Thne layer properties used when modelling the passage of the Benkelman
Beam vehicle have been evaluatea in Section 3.4.1. 1o model the passage ui
tie standard (8200) kg) axie, the res{lient modulus of the bituminous layer
was modified, to take account of nigher vehicle speeds. This was achieved
by adapting a chart propsed by Browun (28) as shown in Fig. 19, giving a
value of 6000 MN/mz.

The model was calibrated for rutting by tinding a value for the
"calibration factor' which corresponded to a calibration rut depth. (The
concept of a calibration factor has been described in Section 2.6(c¢)).

The calibration rut depth was taken as the mean value of the measured rut
depths before overlaying. This was assumed to be due to the passage of
0.47 million standard axles,

The pavement section (Fig. 20) obtained from cores indicated that
there was aegliglble permanent deformation in the bitumincus bound layer (29).
In the rirst instance {Model Bl), it was assumed that no permanent deformation
occurred In the granular layev, and a <reep equation was specified only for

tne subgrade layer. O! tine (reep equations available (Section 2.4), that

for Keuper Mar.: was cors . dered most apprepriate.

A relationship (Fi.. /1) ~ctween the _omputer rut depth (after
0.47 amillion passes o! 1 ~' tdar: avie wher i load) and the subgrade
salibration tactor was - "0 S L asing e finite olement configuratioi,
Snuwh L Bros 20 Thes : c . was cse s 10 tind the value of the
suberaie valibraen - .. ¢ dfi. e calibration rut depth.
The walue optal: i

A second e « s estar susheu, based on the assumption
rhat permanent Jdetormat: : 1: ho's tne granular laver and the

subgrade (i.e. Layers 2 ing ' 1o Table o). The creep equatiorn for Keuper

Mar! was specitied for toth layers, and each had the same calibration E )
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factor applied. This model was similarly calibrated (Fig. 21), and the

resulting calibration factors are shown in Table 4.

3.5. Modelling the Pavement at the Ml Motorway Test Section

3.5.1. Estimation of Layer Properties

The pavement configuration obtained from records (29) was simplified
to a three-layer structure for the computer analyses. The methods used to
assign values for the Resilient Modulus (Mr) and Poisson's Ratio (v) to
each layer are similar to those adopted for the Hillsborough test section.

The values are summarized in Table 5 and Table 6.

3.5.2. Calibration of the Model for Transient Deflection

The pavement model was calibrated for transient deflection using
the procedure outlined in Section 3.3. As the Ml Motorway test sectiocn
has not to date been overlaid, the calibraiion deflection was based on
the results of the deflection survey carried out in April 1976, after a
life of ten years,

Fig. 23 shows the relationship established between the computed
transient deflection and the surface layer modulus. The finite element
configuration used is ziven in Fig. 24, and the results of the calibration

are presented in Table 6.

3.5.3. Calibration of the Model for Rutting

The cumulative number of standard (8200 kg) axles which had passed
over the test section during its ten year life up to April 1976 has been
estimated at 3.4 million (31).

The layer properties used to simulate the passage of the Benkelman
Beam vehicle have been evaluated in Section 3.5.1. To model the passage
of the standard (8200 kg) axle, the resilient modulus of the bituminous

layer was modified to take account of higher vehicle speeds. The value
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obtained was 3200 MN/m2 (Fig. 25), Lsing a chart proposed by Brown (28).
Evidence (29) from bituminous cores indicated that, as at the
Hillsborough test section, negligible permanent deformation had occurred in
the bituminous layer. Again, two models were created. Model 1 was based
on the assumption that permanent deformation occurred only in the subgrade,
as with Model 2 it was assumed that both the granular layer and the subgrade
contributed to overall permanent deformation. The creep equation for Keuper
Marl (Section 2.4) was considered the most appropriate for both layers.
Fig. 26 shows the variation of computer rut depth (after 3.4 million
passes of a standard axle wheel load) with calibration factor, obtained using
the finite element gonfiguration given in Fig. 27. The resulting calibration

factors are presented in Table 7.

3.6. Conclusion

Computer models have been established for the pavements at the
Hillsborough and M1 Motorway test secticns. The models have been calibrated
for transient deflection and for rutting. Their application is described

in the ensuing chapters.




CHAPTER FOUR

PREDICTION OF OVERLAY REQUIREMENTS

4.1, Introduction

It is known that the application of a bituminous overlay to a
flexible pavement increases 1ts structural strength and reduces the value
of the Benkelman Beam deflection. To be effective, the overlay must be
applied before the pavement reaches the 'critical' condition, which has
been defined (32) in terms of the observed levels of rutting and cracking.

Examination of a typical deflection criterion curve (32) shows
that the transient deflection remains relatively constant for the greater
part of a pavement's life. As the 'critical' condition is approached, a
rapid increase in deflection occurs, indicating that maintenance is required.
It has been found (19) that if the pavement is overlaid before the critical
condition is reached, the overlaid structure will behave as a new pavement,
with its potential life a function of the new early life deflection.

To ensure that the pavement never passes the critical condition, a
continual road assessment programme such as that proposed by the Marshall
Committee (33) must be undertaken, together with a deflection survey.

Having decided that the pavement is approaching the critical condition,
the engineer can use a deflection criterion curve to find the required new
early life deflection for future traffic volumes. The thickness of overlay
needed may be found either by a trial and error procedure of adding layers
of bituminous material until the measured def.: . tion is adequate, or by
use of overlay design charts derived by the T.R.R.L. (19). Alternatively,
a theoretical elastic analysis may be used, with the aid of a computer
program such as DEFPAV. The application of such a method to two pavement

sections in Northern Ireland is described in this chapter.
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4.2. Development of an Overlay Design Chart for the Hillsborough Test

Section

The pavement at the Hillsborough test section was overlaid in
three stages, as shown in Fig. 20, Using the pavement models (A ond B)
described in Section 3.4, the transient deflection caused by a standard
Benkelman Beam wheel load was predicted for each stage of the overlay
procedure. (i.e. after cumulative overlay thicknesses of 30, 83 and
116 mm, representing the regulating course, surface layer base course, and
surface layer wearing course stages respectively.) It was assumed that
the properties of the overlay material (known to be hot rolled asphalt)
were the same as those of the underlying bituminous layer.

Fig. 28 shows, for Model A, a comparison of the predicted deflection
after completion of overlaying and the corresponding measured values. (The
finite element configuration used is given in Fig. 29). 1t may be seen that
good agreement was obtained. A comparison of predicted and measured deflect-
ions after each stage of overlaying is given in Fig. 30. A similar comparison
for Model B is presented in Fig. 31.

As the predicted deflection after completion of overlaying (for each
test length) corresponded closely with the mean of the measured values,
further back analysis using the measured deflections after overlaying to

obtain a modulus value for the overlay material was considered unnecessary.

By using models A and B, two curves (Figs. 30 and 31) have been
obtained which relate deflection to overlay thickness. As defined in
Chapter three, models A and B represent the 20 m and 150 m test lengths
respectively, and their only distinguishing feature is the value assigned
to the surface layer modulus (i.e. modulus value assumed for the bituminous
layer). Hence by choosing various values for the surface layer modulus a
family of curves may be plotted (Fig. 32), each representing the condition
where the pavement has a deflection before overlaying as indicated. For
each curve, the value given to the surface layer modulus was obtained from

Fig. 17, which shows the variation of deflection with modulus value. The




modulus values used in the derivation of the overlay chart are given in
Table 8.

The overlay design chart presented may be used directly to estimate
overlay requirements for any particular test length on the Hillsborough

test section,

4.3, Development of an Overlay Design Chart for the Ml Motorway Test

Section

An overlay design chart has been derived for the M1 Motorway test
section in a similar manner to that for the Hillsborough test section.

Using the pavement model described in Sectiomn 3.5, the Benkelman
Beam deflection was predicted for various overlay thicknesses. By choosing
different values for the surface layer modulus (using Fig. 23), several
curves were plotted, each one representing a specified value of deflection
before overlaying. (The modulus values used are given in Table 9).

The resulting overlay design chart is presented in Fig. 33. (Fig. 34

shows a typical finite e'ement representation.)

4,4, Discussion
Considering the Hillsborough test section, it may be seen that for
both models A and B, the computed value for the deflection after completion
of overlaying compares favourably with the corresponding measured value.
However, the values predicted for the regulating course (30 mm overlay) ard
base course (83 mm overlay) are lower than the corresponding measured values
(Figs. 30 and 31). This may be explained by the fact that the regulating
course has been considered as a layer in its own right, with a thickness
equal to the mean value of the maximum depths measured over the test length.
The curves contained in the proposed overlay design chart (Fig. 32)
are steeper than those proposed by the T.R.R.L. (19). This means that,
of the two charts, that derived using DEFPAV will be less conservative.

In the case of the Ml Motorway, the chart derived using DEFPAV

gives a more conservative estimate of the effect of overlay than the T.R.R.L.




design chart (19). The chart derived using DEFPAV has recently been used
(34) to predict deflection lewels after an overlay of 40mm depth was placed
over a 50m length of carriageway. A comparison of the predicted and
measured deflections is given in Fig. 35. It may be seen that close
agreement was obtained. Fig. 35 also shows the deflection values predicted
using the T.R.R.L. design chart (19). It is clear that, for the range of
overlay thickness from zero to forty millimetres, the DEFPAV chart gives a

less conservative estimate of the effect of overlay than the T.R.R.L. chart,

4.5 Conclusion

The computer program DEFPAV has been used to prepare overlay design
charts for two pavements in Northern Ireland. In both cases, good correlation
has been obtained between predicted and measured deflections. Whilst these

results are encouraging, further full scale trials are needed to verify the

method.
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CHAPTER FIVE

PAVEMENT TEMPERATURE STUDIES

5.1 Introduction

It is known that the stiffness of a bituminous layer changes with
the temperature of the binder. A rise in temperature will cause the
resilient modulus to decrease in value, so reducing the load spreading
capabilities of the layer. It is therefore reasonable to expect that
the stresses and strains induced by traffic loads will be temperature
dependent.

However, deflections measured (29) at two pavements in Northern
Ireland suggested that there was no marked dependence on temperature. This
prompted a study of the deflection/temperature relationship.

This chapter describes the methods used to monitor the temperature
variation through the bituminous bound layer of the pavement at the
Hillsborough test section. The measurements were made periodically from
sunrise to sunset on June 21, September 15 and December 5, 1977, and on
April 19, 1978. The influence of pavement temperature on transient
deflection is investigated using the computer program DEFPAV, and the
validity of a temperature correction proposed by the T.R.R.L. (19) is

discussed.

5.2 Use of Uncorrected Deflections

Studies of measured, uncorrected deflections (29) at the Hillsborough
By-pass and Ml Motorway pavements in Northern Ireland have suggested that
the deflections were not strongly influenced by temperature. Fig. 36
shows the variation of deflection (uncorrected) with temperature (Tao)
for different sections of the Hillsborough By-pass. A similar relationship
for the M1 Motorway is given in Fig. 37. (T40 denotes the temperature
measured at a depth of 40mm below the road surface).

It was therefore decided that the temperature correction suggested

by the T.R.R.L. (19) should not be applied to the measured Benkelman Beam




deflections used in the back analysis procedure (Section 3.3).

5.3 Measurement of Pavement Temperatures at the Hillsborough Test

Section

To observe the temperature variation through the bituminous bound
layer, thermocouples (Type K : Nickel chremium/Nickel aluminium) were
installed separately at depths of 0, 40, 124, 165 and 214 mm from the
surface, as shown in Fig. 38. (The pavement had been overlaid at this
time.) The temperature values were obtained using a Comark (Type 1602)
electronic thermometer.

{t was considered that the plastic filler used to secure the thermo-
couple wires to the pavement had some influence on the readings taken using
the thermocouple at the road surface. Hence the road surface temperature
was measured by placing a mercury thermometer on the pavement, close to the
kerb.

Pavement temperatures have been recorded over the period from
sunrise to sunset on June 21, September 15, and December 5, 1977, and on
April 19, 1978. The temperature variation observed on each date is shown
in Figs. 39 to 42 respectively. The temperature gradients through the
bituminous layer on June 21 and September 15, 1977 are presented in Figs.
43 and 44. The gradients measured on the other two dates were negligible.

It may be seen that the temperatures measured at the road surface
correspond closely with those recorded at a depth of 40 mm, which is the
recommended depth at which temperatures are measured during a deflection
survey (19).

As expected, the largest range of surface temperature occurred
during the summer months (Fig. 39). This range decreases progressively
with depth, and at the bottom of the bituminous layer the temperature
variations are very small over a given period from sunrise to sunset. At
any depth in the pavement, there is a daily cyclic variation of temperature,

with the maximum surface temperature occurring around 1.00 p.m. With
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increasing depth, there is a marked phase lag between the peak . :mperatures
(Figs. 39 and 40).

Figs. 43 and 44 indicate that the largest temperature gradients
also occur in the summer months. It may be seen that there is generally
a marked fall in temperature near the surface of the pavement. This
suggests that the pavement surface is cooling down, although the effect ;
may be due to the method of temperature measurement at the surface. It !
was noted that the presence of cloud could alter the surface temperature

by 4°C.

5.4 Simulation of Temperature Variations in the Bituminous Layer

The pavement models used in the analysis were those for the 20 m
test length (Model A) and the 150 m test length (Model B) of the
Hillsborough test section, after overlaying. For each model,the bituminous
layer was divided into five sub-layers, and the temperature at the centre
of each sub-layer found by interpolation from the temperature records.

A relationship between resilient modulus and temperature was obtained
from the resuits of laboratory tests reported by Snaith (25), as shown in
Fig. 45. It was assumed that the modulus values for the bituminous layer
found by back analysis (Section 3.4.3) represented conditions at 20°c.

Hence it was possible to assign a modulus value to each of the
bituminous sub-layers, based on its representative temperature value.

Table 10 summarizes the values obtained using the data for June 21, 1977.

Also included are the temperatures recorded at a depth of 40 mm, T&O'

5.5 Influence of Temperature on Transient Deflection

Using the 'modulus profiles' (Table 10) derived for the bituminous
layer, an individual model was created for each observation of temperatures.
A standard (3175 kg) load, representing the rear wheel of the Benkelman
Beam vehicle, was applied in each case (e.g. Fig. 46), and the induced

transient deflection computed (Table 10). The predicted deflections were

plotted against the corresponding values for T,o» a8 shown in Fig. 47,

- e



increasing depth, there is a marked phase lag betwcen the peak temperatures
(Figs. 39 and 40),

Figs. 43 and 44 indicate that the largest temperature gradients
also occur in the summer months. It may be seen that there 1s generally
a marked fall in temperature near the surface of the pavement. This
suggests that the pavement surface is cooling down, although the effect
may be due to the method of temperature measurement at the surface. It
was noted that the presence of cloud could alter the surface temperature

by 4°C.

5.4 Simulation of Temperature Variations in the Bituminous Layer

The pavement models used in the analysis were those for the 20 m
test length (Model A) and the 150 m test length (Model B) of the
Hillsborough test section, after overlaying, For each model,the bituminous
layer was divided into five sub-layers, and the temperature at the centre
of each sub~layer found by interpolation from the temperature records.

A relationship between resilient modulus and temperature was obtained
from the results of laboratory tests reported by Smaith (235), as shown in
Fig. 45. It was assumed that the modulus values for the bituminous layer
found by back analysis (Section 3.4.3) represented conditions at 20°c.

Hence it was possible to assign a modulus value to each of the
bituminous sub-layers, based on its representative temperature value.

Table 10 summarizes the values obtained using the data for June 21, 1977,

Also included are the temperatures recorded at a depth of 40 mm, TQO'

5.5 Influence of Temperature on Transient Deflection

Using the 'modulus profiles' (Table 10) derived for the bituminous
layer, an individual model was created for each observation of temperatures.
A standard (3175 kg) load, representing the rear wheel of the Benkelman
Beam vehicle, was applied in each case (e.g. Fig. 46), and the induced

transient deflection computed (Table 10). The predicted deflections were

.I., l plotted against the corresponding values for TQO’ as shown in Fig. 47.




The derflection/temperature relationship supgested by the T.R.R.L. (19) is

also given.

it may be seen that the predicted curves are slightly steeper, thus

implying a stronger dependence on temperature.

5.6 Use of Temperature Measurcd at a Depth of 40 mm

I1f the temperature at a depth of 40 mm (Tao) is assumed to be
representative of the entire depth of the bituminous layer, Fig., 45 may
be used to obtain a corresponding modulus value for each observation
of T40 (Table 11).

A standard (3175 kg) wheel load was applied in each case (e.g.
Fig. 48), and a second deflection/temperature relationship derived
(Fig. 49). This exhibits a much stronger dependence on temperature than
that established using five sub-~layers to model the bituminous material

(Fig. 47). A comparison of the deflection/temperature relationships is

given in Fig. 50.

5.7 Discussion
At the outset tc this investigation, it was considered that
temperature had little influence on measured deflection values (Figs. 36
and 37). A+ the Hillsborough By-pass, pavement temperatures in the range
10°C to 38°C have been recorded, with no apparent variation in measured
deflection. The aim of the theoretical analysis was to verify the
supposition that the transient deflections were not strongly dependent on
pavement temperature. The data used in the analysis was that for June 21,
1977, as a reasonable range of values was observed on this date.
The use of five sub-layers to model the bituminous material is
] considered more realistic than a single layer, as it is possible to take
account of the temperature gradient through the layer. Hence the relation-
ship (Fig. 47) derived using the former model should be more reliable.

Some scatter was observed in this relationship. This may be explained by
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the fact that for any value ot 140, 4 number of temperature profiles
are possible. The predicted relaticnship is similar to that reported
by the T.R.R.L. (19).

1{ the pruposed reiationship (Fig. 47) is coumpared with that
obtained using a single bituminous laver, (Fig. 50), it may be seen that
the latter is much steeper. The implication is that the temperature
measured at a Jdepth of 40 mm is oot truly representative of the effective
pavement temperature.

Nevertheless, the measurement of pavement temperature at this fixed
depth provides a reiatively quick assessment of a typical pavement
temperature which has been found to correlate with measured deflections (19).
Furthermore, good correlation has been observed getween TAO and stresses
measured in the subgracde (35). It has been stated (32) that errors
inherent in the procedure are minimized by restricting deflection studies
to periods when the surfacing temperature is between 10°¢c and 30°c.

The predicted deflection/temperature relationship (Fig. 47) is
much steeper than that observed (Fig. 36) at the Hillsborough By-pass.

It would appear, therefore, that the bituminous material at the Hillsborough
test section is much less temperature susceptible than pavements in

Great Britian (19) and indeed bituminous samples tested under laboratory
conditions (25). This view is supported by other research findings (7).

The deflection/temperature relationship proposed by Bailie (7), which is
currently used in Northern Ireland to correct deflection measurements to

a standard temperature of ZOOC, exhibits much less dependence on tempera-~

ture than that suggested by the T.R.R.L. (19).

5.8 Conclusion

Studies of deflections measured over a range of temperatures have
indicated no marked dependence on the temperature value. A theoretical
investigation, using measured temperaturevalues in conjunction with

laboratory test results, has suggested a deflection/temperature relation-

ship similar to that proposed by the T.R.R.L.




It is concluded that the bituminous layer at the Hillsborough test
section is much less temperature susceptible than pavements in Great Britain
and indeed bituminous samples tested under laboratory conditions. Some
explanation for this effect may be found by testing cores from the pavement
in question. It is evident that the temperature correction proposed by

the T.R.R.L. is not applicable to pavement deflections measured in

Northern Ireland.
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CHAPTER S1¥

CORRELATION OF BENKELMAN BEAM AND DEFLECTOGRAPH DEFLECTIONS

6.1 lntrodgEEEQE

Research (32) has shown that the magnitude of the transient
deflection of a road pavement under a standard wheel load may be related
to its long term performance. This provides a relatively quick and
simple method of predicting maintenance requirements,

Pavement deflections may be measured using the Benkelman Beam or
the Deflectograph. The construction and operation of these are described
elsewhere (36,37). To date, most deflection measurements in the United
Kingdom have been made using the Benkelman Beam. However, with the
introduction of the Deflectograph, some correlation between the two methods
of measurement is needed if existing design recommendations (19,38) are
to be adopted. This chapter describes the use of the computer program
DEFPAV to study the way in which the beam support points associated with
each of the measuring systems are influenced by the deflection bowls of
the respective vehicles. The resulting effect on measured deflections is
investigated, and a correlation established between the two methods of

measurement.

6.2 Need for a Correlation

As used in the United Kingdom, the Benkelman Beam and the
Deflectograph employ the same rear wheel load (3175 kg). The two methods
would indicate the same deflection if the tyre spacing and contact area
of the tyres were identical for the two types of wheel assembly used, and
if during the measuring cycle, the beam support points in the two methods
were influenced in the same manner by the movement of the wheels of the
vehicle.

Dealing with the first point, significant differences in tyre
spacing and contact area have been reported (19). Regarding the second

point, neither method gives an absolute measure of deflection since the
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beam assemblv supports are influenced by the deflection of the pavement
under the action of both the rront and rcar wheels of the vehicle.

With the Benkelman Beam, the front wheels are sufficiently remote
to have only a small influence on the beam supports, and the rear wheels
have a decreasing effect as the vehicle moves forward. In the case of the
Deflectograph, the beam assembly supports tend to pass out of the influence
of the front wheels and into the influence of the rear wheels during the
measuring cycle.

For each vehicle, the magnitudes of the front and rear wheel loads

have been measured using a portable weighbridge (39). Details of these and

relevant dimensions are given in Table 12.

6.3 Method of Correlation

The computer program DEFPAV has been used to model the passage of

both the Benkelman Beam vehicle and the Deflectograph over the Hillsborough

test section. The front and rear wheel loads were simulated using single
wheel assemblies. Details are given in Table 12, The deflection bowls
associated with each wheel! load were established, so that a deflection
contour plan could be drawn for each vehicle.

By superimposing a plan view of the Benkelman Beam on the appropriate

S T

contours, it was possible to obtain the computed absolute (true) deflection
at the shoe and beam supports, for each stage of the measuring cycle. If

the supports were influenced by the deflection pattern, a correction was

applied to give the apparent (measured) deflection. Having obtained the
apparent shoe deflection at each stage of the measuring cycle, the nett
deflection was easily deduced.
¢ By a similar procedure, the corresponding Deflectograph deflection
was found using a deflection contour plan for the Deflectograph.
The pavement model used for the analysis was that for the Hillsborough
test section, after overlaying. To simulate a wide range of pavement {

temperature conditions (i.e. to obtain a range of corresponding deflections




for the correlation), the value assigned to the surface layer modulus
(Mr ) was varied between 500 MN/mZ and 5000 MN/mZ.
1

Fig. 51 summarizes the procedure used to predict the corresponding

Benkelman Beam and Deflectograph deflectiuns.,

6.4 Prediction of Deflections Measured by the Benkelman Beam

By applying the Benkelman Beam vehicle wheel loads to the pavement

i
i
model, the deflection bowls associated with the front and rear wheels were l
deduced, Fig. 52 shows a typical finite element representation. For !

{

each value assigned to Mrl, a deflection contour plan (e.g. Fig. 53)
was drawn. Hence, for each stage of the measuring cycle, the absolute
deflections at the shoe and the beam supports were determined. This is
illustrated in Fig. 53, for the case Mr1= 750 MN/mz.

In a few cases it was found that the front supports of the beam were
influenced by the deflection pattern., This occurred only at the initial
stage of the measuring cycle, and in these cases a correction (Section 6.5)
was applied to obtain the apparent deflection.

Having found the apparent deflection for each stage of the measuring

cycle, the nett deflection was deduced using the relationship:

Nett deflection = Cmax - Ci/2 - Cf/z
where éi = apparent shoe deflection at initial stage of measuring cycle.
é = apparent maximum shoe deflection.
max
6f = apparent shoe deflection at final stage of measuring cycle.

This relationship was derived from that which is used in practice, i.e.,

Nett deflection = 24 - A, = A
ma X 1 f

where & = corresponding displacement measured at the dial gauge.
Table 13 shows the nett deflections predicted for various values

of surface layer modulus (Mr ).
1
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6.5 Correction for Influence of Deflection Bowls on Benkelman Beam

SuEBorts

Deflections measured using the Benkelman Beam are influenced by
any vertical displacement of the front legs. The nett effect of a
downward displacement is a reduction in the measured deflection. The
apparent deflection may be estimated as follows:

1f Ss = equivalent deflection of shoe S due to a vertical
L

displacement 6L at the front legs,
then, referring to Fig. 54.
Apparent shoe deflection = Absolute shoe deflection - 2.8 GL.
This relationship may be used to predict the measured deflection
whenever the front legs of the beam lie inside the deflection bowl. The

relationship corresponds closely to that reported by the Canadian Good

Roads Associatiomn (40).

6.6 Prediction of Deflections Measured by the Deflectograph

The deflection bowls associated with the front and rear wheels of
the Deflectograph were computed by applying the appropriate wheel load
(Table 12) to the pavement model. For each value of Mr1 used, a
deflection contour plan (e.g Fig. 55) was drawn. Hence, for each stage
of the measuring cycle, the absolute deflections at the shoe and the
beam assembly supports were obtained. An example is shown in Fig. 55,
for the case Mrl = 750 MN/mz.

In those cases where the beam assembly supports were influenced by
the deflection pattern, a correction (Section 6.7) was applied to obtain
the apparent deflection. Having found the apparent deflection for each
stage of the measuring cycle, the nett deflection was deduced as follows:

Nett deflection = Gmax - Si

where Gi = apparent shoe deflection at initial stage of measuring

cycle

6max = apparent maximum shoe deflection.




Table 14 summarizes the nett deflectione preii-ted for various

values of surface layer modulus (M_ ).
"1
4

6.7 Correction for Influence of Deflection Bewls on Defloectograph Beam

Assembly Supports

Deflections measuvred using the Deflectograph are influenced by any
vertical displacement at the suppcrts. Referring to Fig. 55, the deflection
measured using beam assembly BG will be altered by any vertical displacement
at supports B or C. (It is assumed that there is no relative movement
between supports B and A.) The nett effect of a downward displacement at
either B or C is a reduction in the measured deflection. The apparent

deflection may be estimated as follows:

If SGB = equivalent deflection at shoe G due to a vertical
displacement GB at support B.
GGC = equivalent deflection at show G due to a vertical
displacement 6C at support C.
then,
Apparent shoe deflection = Absolute shoe deflection - SGB - 5GC.
The evaluation of the terms SGB and 5GC is presented in Figs 56 and
57 respectively.
Thus
Apparent shoe deflection = Absolute shoe deflection - 58 - 0.7 éc.
6.8 Correlation of Predicted Deflections

The predicted Benkelman Beam deflections were plotted against the
corresponding Deflectograph values, as shown in Fig. 58. Using the
computer program CURFIT (41), both a straight line and a second degree
polynomial were fitted to the points. The latter was considered the
better representation, and this held the relationship:

y = 7.16 + 0.69x + 0.0052 x°

where x = Deflectograph value.

y = Benkelman Beam value.




It may be seen (Fig., 3>8) that the correlation derived using
the prozram DEFPAV corresponds closely to that rveparted by the T.R.R.L. (19)
for pavements with unbound bases and hot rolled asphalt surfacing.

6.9 Discussion

6.9.1 Modelling Assumptions

The development of the pavement models for sach vehicle has involved
the use of certain simplifying assumptions.

The rear wheel load of each vehicle was simulated using a single
wheel assembly, whereas in practice a twin wheel assembly is employed.
It has been noted (Section 2.3.2) that use of a single wheel assembly will
give higher computer deflections. However, as the single wheel model
has been used for the rear wheels of both vehicles, the correlation will

not be affected to any significant extent,

In practice, the contact area associated with the rear wheel of
the Deflectograph is larger than that of the Benkelman Beam vehicle (19).
However, in the respective pavement models the contact area was deduced
from the wheel load and the contact pressure. As the contact pressure
associated with the rear wheel of the Deflectograph was greater than that
of the Benkelman Beam vehicle, the former was assigned a smaller contact
area. This should not adversely affect the correlation, however, as a
sensitivity study (Section 2.8.2) has shown that variations in contact
pressure over this range whilst keeping the overall load constant gives

minimal change in the computed deflection,

6.9.2 Influence of Deflection Bowls on Beam Assembly Supports

It has been noted that, for both vehicles, the front wheels were
sufficiently remote to have no effect on the beam assembly supports.
In the case of the Benkelman Beam vehicle, the rear wheels had a

decreasing effect on the position of the beam supports as the vehicle




moved forward. The correction for influence of the deflection bowls on
the front legs was applied in only two of the cases considercd,
Considering the Deflectograph, the bean assenbly supports moved
into the influence of the rear wheels during the measuring cycle. It
was noted that the deflection at the T-frame support (support C in
Fig. 55) held the same value for both the initial and maximum stages of
the measuring cycle. Thus, when the nett deflection (i.e. Pmax " 5i)
was calculated, the correction for displacement at this support had no
effect. Additionally, the correction for influence of the deflection

bowls on the recording head support (support B in Fig. 55) was applied

in only one of the cases considered.

6.9.3. Practical Correlation Exercise

A correlation between Benkelman Beam and Deflectograph deflections
measured in Northern Ireland has been established by other researchers (42),
as part of a joint project between the Department of the Environment for

Northern Ireland and the Queen's University of Belfast (D.0.E./Q.U.B.).

The location chosen for the practical correlation exercise was the South-
bound carriageway of the M1 Motorway between the Moira and Lurgan inter-
changes, as this provided a wide range of deflection values.

The results of the exercise were significantly different from both
the DEFPAV and the T.R.R.L. correlations (Fig. 59). They suggest that, in
general, the Deflectograph gives higher deflection readings than the
Benkelman Beam. It must be noted that the DEFPAV correlation was derived
by modelling the pavement at the Hillsborough test section. However, both
this pavement and that at the Ml Motorway are of similar comnstruction, and

the correlation proposed by the T.R.R.L. should apply in each case.

6.10. Conclusion

A second degree polynomial relationship exists between the predicted
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Benkelman Beam and Deflectograph deflections. This has the form:
y = 17.16 + 0.69x + 0.0052 x2
| where x = Deflectograph value.
y = Benkelman Beam value,

This correlation corresponds closely with that proposed by the

T.R.R.L. for pavements with unbound bases and hot rolled asphalt surfacing.

F R
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CHAPTER SEVEN

AN INVESTIGATION OF STRUCTURAL FAILURE PHENOMENA

7.1 Introduction

The failure criteria which are guncrally considered appropriate
for analytical pavement design have been listed (43) as follows:

(a) Tensile strain in the extreme fibre of the bituminous layer.

(b) Compressive strain at the top of the subgrade.

" (c) Tenmsile strain in the extreme fibre of the granular layer.

These are shown diagrammatically in Fig. 60. The corresponding
modes of failure are fatigue of the bituminous bound laver, excessive
permanent deformation in the subgrade, and tensile failure of the sub-base.
Criteira (a) and (b) have been adopted in several analytically based design
systems reported to the Fourth International Conference on the Structural
Design of Asphalt Pavements (1).

The failure criteria which are used in practice in Great Britain
have been defined by Croney (44). The 'failure' condition is the state
at which major structural repair is required, and the 'critical' condition
is the state at which overlaying would ensure continued satisfactory per-—
formance. These criteria were developed directly by observations on
existing roads (45) in conjunction with the maintenance procedures of
typical road authorities.

Croney (44) has reported that, with the base and surfacing materials
commonly used in Great Britain, permanent deformation was accepted by
engineers as the principal indication of failure. Major reconstruction
was generally undertaken when the rut depth in the wheel track of the
slow lane was approximately 20mm, measured with a 1.8m straight edge.

At this level of deformation some cracking was generally apparent where
rolled asphalt wearing courses were used. It was thought that the subsequent
ingress of water was responsible for the relatively rapid deterioration

occurring where rut depths exceeded 20mm.
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The critical condition was considered (44) to occur when rut depths
were in the range from 10 to 20mm, because it was at this level of rutting
that overlays were being applied in practice. At this condition there was
generally little evidence of cracking, and if present it was usually confined
to longitudinal hair cracks along the edge of the wheel paths,

To ensure that the pavement never passes the critical condition, a
continual road assessment programme, such as that proposed by the Marshall
Committee (33), should be undertaken.

This chapter describes the use of the computer program DEFPAV to
investigate the two phenomena of rutting and cracking. Rut depth predictions

have been made for the pavements at the Hillsborough and Ml Motorway test

sections. The effect of crack propagation through the bituminous layer at

the Hillsborough test section has been investigated,

7.2 Rutting and Cracking

From the preceding section, it is clear that the phenomena of rutting
and cracking may be regarded as the two outward signs of pavement deterioration.

Wheel track rutting is caused by a build-up of the minute irrecoverable
deformatiomns that occur in each layer of a pavement every time a wheel load
passes. The danger of rutting lies in the fact that water may pond in the
longitudinal trough and then lead to aquaplaning or reduced visibility by
spray generation.

With the climatic conditions in the United Kingdom, cracking in flexible
pavements is generally a fatigue phenomenon. As a wheel load passes over the
pavement, the extreme fibres of the bituminous layer undergo a cyclic variaton
of strain. It has been shown (46,47) that this may lead to the formation of
fatigue cracks at the base of the bound layer. With further load applications
the cracks propagate towards the road surface, progressively weakening the
structure finally, resulting in 'chicken-wire' or 'alligator' (20) cracking,
which is characterized by a network of cracks over the road surface. With

further load applications, surface disintegration in the form of pot-holing

I e may occur.




It has been recommended (33) that the extent of both rutting and
cracking should be measured In any survey system. In the United Kingdom
rutting 1s expressed as the maximum depth of rut measured under a 2m straight
edge (33). The extent of cracking may be wmeasured by «ither an estimate
of the cracked area (expressed as a pcreentage of the area of wheel path or
carriageway) or an assessment of the type of cracks scen (e.g. single,
interconnected, longitudinal). The severity of both rutting and cracking

may be used to classify the conditon of the pavement (32).

7.3 Predictions of Permanent Deformation Growth

7.3.1 Rut Depth Predictions at the Hillsborough Test Sccrion

Using the pavement models (Bl and B2) detailed in Section 3,4.,5, the
development of rut depth on the overlaid pavement has been predicted after
a specified number of standard (8200 kg) axle passes.

With each model, the thickness of the surface layer was increased
by the depth of overlay, known to be 116 mm of hot rolled asphalt. The
assumption was made that the properties of the overlay material were the
same as those of the underlying bituminous layer.

A commercial vehicle growth rate of 4 per cent was considered appropriate
(29) for the Hillsborough test section., Hence the passage of 0.25, 0.51, 0.78
and 1.06 million standard axles correspond to periods of 1,2,3 and 4 years
respectively after overlaying (Fig. 61).

The predicted growth of rut depth is presented in Fig. 61. (The
finite element configuration used is given in Fig. 62). It may be seen
that the growth curve derived using Model B2 lies closer to the measured
(March 1978) value than that obtained with Model Bl. Model Bl overestimated
the measured value by a factor of four, whilst Model B2 overestimated by a

factor of two.

7.3.2 Rut Depth Predictions at the M1 Motorway Test Section

2gcribed in Section 3.5.3 have been
- il




used to estimate the future 2rowth of porianeut <oty vion at the Ml Motorway
test section. (This pavenment has not o fite boen o U

The assumed commervial venicle esroweh oo wos o wor cenrc.  Values
for the cumulative numbers ¢f standard =:ies v to ¢ oosent expired life
are given in Fig. 63, which shows the cotinates Zevelo-ooort of rut depth
on the existing pavement. (The finite vievment confi-rcution used is given
in Fig. 27). Both models 1 and 2 give = sivilar prol - tion,

The effect of overlayinyg the paveront st this test cection has been

considered. It was assumed that the proporties of the overlay material

were the same as those of the underlying bituminous luyer. A typical finite
element configuration is shown in Fig. 64. The date of overlaying was taken
as September 1978, and the estimated growth in the number of standard axles
over an eight year period is given in Fig. 63, which shovws the predicted
growth of rut depth after the application of various cverlay thicknesses.

It may be seen that, using either model, a 50 mm ovcrlay would allow an eight

year period to elapse before the rut depth reachzs a value of 13 mm.

7.3.3 Discussion

Considering the Hillsborough test section, the rut depth predictions
for the overlaid pavement were overestimated within a factor of four of
the measured (March 1978) values. It was unfortunate that the rut depth

was measured on only one occasion after overlaying. Consequently it is not

known whether the growth curve should incorporate a compaction phase immediately

after overlaying.
In the case of the Ml Motorway test section, it remains to be seen
how accurate the predictions are, as no measurements have been made since 1976.
The accuracy of any rut depth predictions made usingthe program DEFPAV
depends on the validity of the creep equations and material properties specified
for each layer of the pavement. For the two test sections considered, the
creep equation for Keuper Marl has been applied to both the granular layer

and the subgrade. Clearly, this is an optimistic assumption.
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[t has been establi-hed rfrom bitnsinous cures that, for both pavement
sections, negligible permancut determition cocurred 1o the bituminous layer.
This behaviour 1s not typical of piverwars ohmrwed in Ureat Britain., Lister
and Kennedy (38) have reported that mort ~r all! pavorvent layers and the
subgrade contribute to the de!ormation. Furthermore, Lister (48) has stated
that in a pavement having 1 crushed stone bare at Copinpton Lodge, deformation
occurred in ali lavers including the suboruae.  The wajor contribution came
from the base and surfacing. It is thouohr that the behaviour of the two test

sections under consideration may be influenced strongly by their relatively

weak subgrades.

7.3.4 Conclusion
Predictions regarding the zrowth of rut Jdepth have been made for
two pavement sections. It is considered that, whilst the method shows

promise, better creep characterization of the pavement materials is required

before more accurate predictions can be made.

7.4 Investigation of the Cracking Phenomenon

7.4.1 Simulation of Crack Propagation

The pavement mocdel used in the analysis was that for the 20 m test
length (Model A) of the Hillsborough test section (Section 3.4), both before
and after overlaying. It was assumed that this model rcpresented conditions
at a temperature of 20°C. To simulate conditions at temperatures of 10°C and
300C, the resilient modulus of the bituminous layer was modified using
results obtained by Snaith (25), as shown in Fig. 45.

The propagation of cracks through the bituminous layer was simulated

by the introduction of a zone of weaker (cracked) material with a thickness

1)

equal to the depth of cracking (Fig. 66). It was assumed that, as the 'family

' of cracks propagated upwards, the thickness of the cracked zone increased

uniformly across the bituminous layer. This is an over-simplification, as




in reality cracking will only occur jn the vicinity of the wheel paths.
Thus the bituminous material wes rreated as tuo separate layers,

with an assumed modular ratio of five between the 'uncracked' and  'cracked!'

zones. The value assigned to Poisson's Ratlo was the szame for both zones.
The 'cracking ratio' was defincd uas the ratio of the depth of

cracked zone to the overall layer thickness,

7.4.2 Influence of Cracking on Transicnt Deflecricon

A standard (3175 kg) wheel load was applied to the pavement model
{(e.g. Fig. 67). The transient deflection, analagons to the Benkelman Beam
deflection, was computed for values of cracking ratic varying from zero
(i.e. no cracking) to 100 per cent (i.e. cracking fully developed). The
results are shown in Fig 68.

It may be seen that, as the cracks propagate towards the surface,
the transient deflection increases by a factor of between two and three.
Temperature appears to have only a slight influence on the rate of deflection
increase, even though the method of simulating temperature variation is

considered toover estimate its effect (Chapter Five).

7.4.3 Influence of Cracking on Pavement Stresses and Strains

The failure parameters appropriate for theoretical pavement analysis
have been noted in Section 7.1, To study the influence of crack propagation
within the bituminous layer on these parameters, a standard (4100 kg) wheel
load was applied to the pavement model (Fig. 69). The resilient modulus
of the bituminous layer was modified to take account of average vehicle
speeds, using the chart proposed by Brown (28). The value obtained was
6000MN/m2 (Fig. 19 will apply to Model A). This was assumed to represent
conditions at a temperature of 20°¢.

Fig. 70 shows the variation of fr€y, and T with cracking ratio.

It may be seen that, as cracking progresses, there is a corresponding

increase in each of the parameters considered. The effect of overlay is




clearly seen, as a considerable redgucrics in the values 8 achioed,

Reference to Fiwg, [ indicates that, as ovocking procecds, there
is an increased likelihood ot tailure Ly cithor ¢rooseive permancnt
deformation in the suborade, tensile *liure ot the suh-base, or some
combination of these. The mode of fai'rre adoied will depend on the
critical values of the respective Diliure parameters,

The computed values for caciy o1 the heve moot "orod parameters have
been plotted against the correspending computed Benkelesn Beam deflections,
as shown in Fig. 71, (Table 15 summarizos the detlections, stresses, and
strains computed for various vilues of ciacking ratio.) In each case it
may be seen that a definite correlation exists. [his surcests that where
there is progressive cracking of the bituminous laver, the magnitude of the

Benkelman Beam deflection retflects the structural intearity of the pavement.
a2 Yy P

7.4.4. Discussion

It has been observed (32) that as a road pavement reaches its
‘critical' condition, there is a rapid increase in the surface transient
deflection, Clearly, this may be due to the propagation of fatigue cracks
in the bottom of the bound layer.

Where pavement deterioration is initiated by Tatigue cracking, it is
possible that the subsequent weakening of the pizvement structure may induce
a different mode of failure, such as excessive perwmancnt deformation in
the subgrade or tensile failure of the sub-base. Thus the concept of
pavement deterioration is a complex one, with the prebable interaction of
several failure mechanisms during the life of the pavement. It is fortunate
that a simple measure of transient deflection will adequately infer the
condition of the structure.

It is possible that the effects of crack propagation have been
overestimated, due to the model adopted for crack simulation. This assumed

that cracking occurs across the entire width of carriageway, whereas this

is likely only in those areas adjacent to the wheel paths,
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7.4.5 Conclusion

} The computer program DEFPAV has been used to simulate the propagation
of fatigue cracks through the bituminous layer of the pavement at the
Hillsborough test section. It has been shown that there is a marked rise

in deflection as cracking progresses, and that the weakening effect on

the structure may induce other modes of failure. It is concluded that,

for the fatigue mode of failure, a measure of the transient deflection

adequately reflects the structural integrity of the road pavement.




CHAPTER BIGAT

OTHER APPLICATIONS OF [l COMUUTER PROGFAM DIFPAV

8.1 Derivation of Load Equivalence Factors

8.1.1 Introduction

One aim of the A.A.S.H.0. Road T:st (19,50) was to assess the
relative damaging power of a wide range of axle loads. The number of
passages of a standard (8160 kg) axle require! to canse the same damage
as one passage of a specified axle load was .~nressed as an ‘equivalence

14

factor'. Typical values are quoted in T.Ll. 16 (1¥). It may be seen that
one passage of a standard axle will indu-: as much damace as 100 passages
of a 2720 kg axle. Similarly, 15 passares of & st ndard azle will do as
much damage as one passage of a 16320 kg axle. The values indicate that
the damaging effect of an axle Is approximately related to the fourth
power of its load.

The equivalence factors derived from the A.A.S.H.0. Road Test are
incorporated in current design recommenditicns (30) in the United Kingdom.
Thus traffic of mixed compnsition may be expressced in terms of an equivalent
number of standard axles. However, some doubt hus bren expressed (51)
regarding the applicability of these factors to pavements in climatic
conditions other than those found at the location of the A.A.S.H.O0. Test.

As an altermative to a full scale test, the pavement construction
may be modelled using a computer program such as DEFPAV, and a set of
equivalence factors deduced for the prevailing climate., A small scale test
could then be instituted to verify the findings. This concept has previously
been reported by Kirwan et al (2).

Section 8.1 describes the analytical derivation of load equivalence
factors for the Hillsborough and Ml Motorway test sections. The pavement

model used for the Hillsborough test section was Model B2 (Section 3.4.5),

after overlaying. The creep equation associated with Keuper Marl was

applied to both the granular layer and the subgrade, with a calibration
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factor of 2.4. The model used for the ML Motorway test section was Model 2
(Section 3.5.3). The crevp vquation =1 Kew . Mir) was applied to the

granular layer and the subgrade, with a calibrition factor of 0.4064,

The critical condition has been doefined in o different ways.
Firstly, a limiting value of 13 uii was placed om i vat depth (33), and
secondly the limiting number of wheel passaccs was _xpressed as the fatigue

life of the bituminous laver, derived frem Pell's cup.rimental relationship (52)
3 i P

8.1.2. Load Equivalence ractors by Analysis

(a) Critical Condition Defined by Rutting

In the United Kingdoum the condition of a road pavement is defined
principally in terms of the measured rut depth (44, 32). The
number of passages o©f varicus wheel loads required to produce

a limiting rut depth of 13 mn (33) has been found using the
program DEFPAV. Figs. 72 and 73 show the computer growth of

rut depth at the Hillsborough and Ml Motorway test sectioms.,
Typical finite clement configurations, which were generated

using the 'automatic grid' option (Chapter Two), are given in
Figs. 74 and 75.

The equivalence factor for any axle load (A? may be expressed

as:
. N
Load equivalence factor = _s
N,
1
where Ns = number of passages of a standard (4100 kg) wheel

load required to produce a rut depth of 13 mm

A
]

number of passages of any wheel load (Li)
required to produce a rut depth of 13 mm

and L. = A,
i i

2

This has been evaluated for a number of axle loads. Table 17
summarizes the values obtained. For each test section, the

deduced factols were plotted against the corresponding axle




b
]
i

(b)
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loads, and a relationship of the form:

Load equivalence factor = [ Axle load (kg) A
8200

fitted to the points. Figs. 76 and 77 refer to the
Hillsborough and M1 Motorway test sections respectively. The
value of the power 'A' was found to be 3.8 for the Hillsborough
test section, and 2.0 for the M1 Motorway test section.

Critical Condition Defined by Fatigue

Pell (52) has shown that the fatigue life (i.e. number of load
applications to failure, N) of a bituminous mix may be expressed
in terms of the maximum tensile strain, €, a8 follows:

_ ¢l n
N = C(E-J
m

where ¢ and n are factors which depend on the composition and
properties of the mix. The value assigned to n was 5. This
was obtained from values quoted by Pell and Brown (27) for
various mixes. It has been suggested (33) that a factor of
100 be used to increase the laboratory life to that achieved
in practice.

Thus

1.5
N = k(-e—*)
m

where k = 100c
Hence the equivalence factor for any axle load (Ai) may be

expressed as:

€
Load equivalence factor = Eg - (3335
N, s
i

where Ns = fatigue life associated with a standard (4100 kg)
wheel load

N, = fatigue life associated with any whefl load (Li)

e = maximum tensile strain in bituminous layer under
a standard (4100 kg) wheel load

¢, = maximum tensile strain in bituminous layer under

any wheel load (Li)

A,
i

-T.




Thus by computing the maximum tensile strain in the bituminous

layer for a number of wheel loads, it is possible to deduce a
set of equivalence factors. (The maximum tensile strain was
found to occur at the extreme fibre of the layer.) This has
been done for the pavements at the Hillsborough and Ml Motorway
test sections (Figs. 74 and 75). The results are summarized

in Table 17. For each test section, the deduced factors were
plotted against the correspounding axle loads (Figs. 76 and 77),

and a relationship of the form:

A
Load equivalence factor = /Axle load (kg)
8200
fitted to the points. The value of the power 'A' was found
to be 4.0 for the Hillsborough test section and 3.4 for the

Ml Motorway test section.

8.1.3 Discussion

The equivalence factors deduced for the Hillsborough test section
(Fig. 76) are in close agreement with those derived from the A.A.S.H.O.
Road Test. The two modes of failure considered (i.e. wheel track rutting
and fatigue of the bituminous layer) have produced similar results. In
both cases the induced damage is approximately related to the fourth power
of the axle load.

Considering the Ml Motorway test section (Fig. 77), it may be seen
that the induced damage in terms of rutting is related to the square of the
axle load, whilst the damage in terms of fatigue is proportional to the
axle load raised to the power 3.4. Although fatigue failure may seem more
likely in this case, the ultimate failure mode will depend ‘on the critical

values of the respective failure parameters.

8.1.4 Conclusion

The computer program DEFPAV has been used to derive load equivalence

factors for the pavements at the Hillsborough and M1 Motorway test sections.

sttt is




This provides an alternative to a full scale road test, although a small

scale test would be required to verify the findings.

8.2 Use of Fabrics in Pavement Construction

8.2.1 Introduction

During the last few years there has been a considerable increase in
the use of fabrics in pavement construction. Their chief applications
include soil drainage, embankment reinforcement, and subgrade/sub-base
separation. It has been claimed (54) that the functions of a fabric
in subgrade/sub~base separation are as follows:

(a) By separation, ‘'down punching' of the sub-base and loss of fines

are prevented.
(b) By filtration, the upward pumping of fines from the subgrade to

the sub-base is minimized.

(c) The fabric gives reinforcement by absorbing transient tensile
loads and maintains the integrity of the sub-base.
Section 8.2 describes the use of the program DEFPAV to model a

pavement construction both with and without a fabric inclusion,

8.2.2 Effect of a fabric Inclusion Between the Granular Layer and the

Subgrade

Details of the pavement constructions (55) modelled are given in

Figs. 78 and 79. The modulus values assigned to the granular layer

and the subgrade are summarized in Table 18. The respective creep equations
applied to the bituminous layer and the subgrade were those for dense
bitumen macadam (4) and Duwblin boulder clay (13).

The fabric has been modelled using a layer of 6 mm thickness,
subdivided into three element rows. It was considered that, in practice,
local reinforcing of the soil structure occurs in the vicinity of the

fabric. Consequently transitional layers were introduced both above
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and below the fabric 'layer' in the model. This reduced the abrupt change

in resilient modulus between the fabric and its adjacent layers.

A 13 kN single wheel load was applied to each model. Table 19
summarizes the computed values of stress and strain at various positions

in the pavement directly under the wheel load.

8.2.3. Discussion

It may be seen that, for the pavement under consideration, the
inclusion of a fabric between the granular layer and the subgrade causes
a reduction of 30 per cent in the value of the surface transient deflection.
The inclusion of the fabric has no significant influence on the computed
rut depth.

It must be noted that the fabric has been modelled using a layer

having a depth of 6 mm. This is unreasonably high for any of the light

weight fabrics, but is necessary if the aspect ratio of the elements under
the loaded area is to be kept near unity. The value assigned to the resilient
modulus of the fabric (1200 MN/mz) is also optimistic.

Thus the effect of the fabric inclusion may be over estimated, Field
tests would be required to verify the findings. Nevertheless, it may be
seen that a program such as DEFPAV may be used to predict the effect of a

fabric inclusion in a specific pavement comstruction,

8.2.4, Conclusion

The computer program DEFPAV has been used to study the influence of
a fabric inclusion between the granular layer and the subgrade on the
behaviour of the pavement under load. A 30 per cent reduction in transient
deflection was predicted, but this is considered an overestimate of the

effect of the fabric.

— ) |
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CHAPTER NINE

SUMMARY OF WORK DONE

Computer—aided flexible pavement analysis has proved to be a useful

tool in the development of rational methods of pavement design (1). However,
it is hoped that the work described in the preceding chapters has shown that
structural analysis may also be applied to the assessment of pavement
performance. To demonstrate this, an attempt has been made to predict the
behaviour of specific in-service pavements in Northern Ireland. The results
of the analyses have been compared with observations made at the pavements
in question.

The predictions made concerning transient deflections (Section 4,2)
and rut depths (Section 7.3.1) after overlaying at the Hillsborough test
section may be classified according to Lambe (56). These correspond to
'Type C' predictions (i.e. predictions made after the event, and the results
not known when the predictions are made). Lambe regards 'Type -C' predictions
as autopsies, but acknowledges that autopsies can contribute to our knowledge.
In the case of the Ml Motorway test section, the predictions made for the
overlaid pavement fall into 'Type A' (i.e. predictions made before the event),
as this pavement has not to date been overlaid.

As noted in Chapter two, the program DEFPAV performs an elastic
analysis to produce the transient deflections and stresses throughout
the pavement structure, and then makes use of 'creep equations' to estimate
the long term behaviour (rutting). It is clear that effective use of the
elastic analysis depends on the specification of appropriate values for the
elastic parameters (Mr’ v) used to define the constituent materials. Moreover,
use of the 'long term' analysis depends on the selection (or specification)
of a suitable creep equation. Thus a major problem in nndélling in-service
pavements is the ability to characterize the constituent materials. Ideally,

the materials should be tested either in situ or in the laboratory, but

unfortunately this was beyond the scope of the current research programme,




! As a result of the preceding analyses, the following conclusions

can be drawn:

l.

Overlay design charts have been prepared for the pavements at
the Hillsborough and Ml Motorway test sections. The chamge in
Benkelman Beam deflection due to the addition of overlay at the
Hillsborough test section was predicted with a fair degree of
accuracy. The overlay chart for the Ml Motorway test section
has been used (34) with some success to predict the effect of
a 40mm overlay over a 50m length of carriageway.
The bituminous layer at the Hillsborough test section is much
less temperature susceptible than pavements in Great Britain
and indeed bituminous samples tested under laboratory conditioms.
It is concluded that the temperature correction proposed by the
T.R.R.L. is not applicable to pavement deflections measured in
Northern Ireland.
A second degree polynomial relationship exists between the
predicted Benkelman Beam and Deflectograph deflections at the
Hillsborough test section. This has the form:

2

y =7.16 + 0.69x + 0.0052 x

where x = Deflectograph value

y Benkelman Beam value

This correlation corresponds closely with that proposed by the
T.R.R.L. for pavements with an unbound base and hot rolled

asphalt surfacing.

Theoretical considerations have shown that, as fatigue cracks
propagate upwards through the bituminous layer at the Hillsborough
test section, there is a corresponding rise in the surface
transient deflection. The weakening effect on the structure

may induce other modes of failure. It is concluded that, for

the fatigue mode of failure, a measure of the transient deflection

adequately reflects the structural integrity of the road

pavement.




Predictions regarding the growth of rut depth at the Hillsborough
test section after overlaving were within a factor of four

of the measured value.

Load equivalence factors have been derived for the pavements at
the Hillsborough and M1 Motorway test sections. The failure
modes considered were wheel track rutting>and fatigue of the
bituminous layer. In the case of the Hillsborough test sectionm,
the damage was approximately related to the fourth power of

the axle load for both modes of failure. In the case of the

Ml Motorway test section, the induced damage in terms of rutting
was related to the square of the axle load, whilst the damage

in terms of fatigue was proportional to the axle load raised

to the power 3.4,

A preliminary study of the affect of a fabric inclusion between
the granular layer and subgrade in a test pavement has indicated
that a 30 per cent reduction in transient deflection can be
achieved. However, this is considered an overestimate of the

effect of the fabric.

It is worth noting that the T.R.R.L. recommendations for overlay design

contained in LR 571 (19) have recently been updated in LR 833 (57). 1In the

later publication, Kennedy and Lister present a comprehenisve relationship

connecting overlay thickness with the deflection before overlay and the

required extension of life, for a range of pavement types. The new publication

also contains updated charts for the 'temperature correction' and 'deflectograph
p mp

correlation' reported in Chapters Five and Six respectively.
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CHAPTER TEN

INTRODUCTION
The application of multi-layer analysis to the problem of overlay
design has been demonstrated in Part One (Chapter Four)., This approach
adopted the surface transient deflection as the basic design criterion.

Part Two of this report describes an overlay design system in which

the design criteria are the horizontal tensile strain in the extreme
fibre of the bituminous layer and the vertical compressive strain at the
top of the subgrade. The method has been developed at the University of
Birmingham (58) and is presented as an overlay system suitable for use in
developing countries,

The main features of the system are as follows:

(i) it is based on fundamental structural response and distress
models of the pavement, following the current school of
thought;

(ii) a simple, cheap apparatus, such as the Benkelman Beam, is
required to measure the surface deflection under a moving wheel
l1oad;

(iii) a simple calculation is needed to predict the necessary overlay
thickness, which can be accomplished in a small amount of time

using an electronic calculator.

10.1 Structural Response Model of a Pavement

The adoption of suitable pavement models has been influenced by the
constant conflict between the desire to represent the pavement structure
by a comprehensive and realistic model and the considerable difficulties
encountered in solving the equations for stress and strain as the complexity
of the model increases. Much early work on flexible pavement design was
seriously inhibited by mathematical and computational problems and only since
electronic computers became widely available has it been possible to adopt

fairly representative models. Even at the present time there can be problems,
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not so much of a methematical nature, but arising from the time and cost
of the computations required and from the accessibility to a suitable
computer, (59).

Modern flexible pavements consist of three main layers, bituminous
surfacing, roadbase and sub-base, (Figure 80(a)). The surfacing is generally

sub-divided into a wearing course and a base course, laid separately. The

road-base may be bituminous, cement—bound or unbound granular base. The
sub-base is usually of unbound granular material. The soil foundation for
the pavement structure is termed the subgrade. To present this flexible
pavement structure, the [ollowing analytical model, (Figure 80(b)) has
been adopted.
(1) the pavement structure is regarded as a three-layer system.
The lowest layer, semi-infinite in the vertical direction,
represents the subgrade. The middle layer represents the
unbound base or sub-base layer. The top layer represents all
the bituminous layers:-
(ii) these layers are considered to have complete friction between
them;
(i1i) the materials in the layers are linearly elastic, isotropic
and homogeneous;
(iv) the load is assumed to be uniformly distributed over a circular

atrea at the surface of the top layer.

On the basis of this model, the calculation of all stresses, strains
and displacements at any point in the system can be done. The general
response of a flexible pavement subjected to a traffic load can be shown

schematically as in Figure 81.

10.2 Structural Distress Model of Pavement

The structural distress or damage of a pavement structure, associated
with traffic loads, is usually divided into two parts:

(i) Fatigue fracture

(ii) Rutting distortion
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Fatigue fracture itrom repeated tratfic loading develops in the bituminous
layer of the structure and the radial teunsile strain at the bottom of
that layer has been used as a criterion for limiting fatigue fracture,
Rutting deformation from repcated traffic loading can develop in all layers
of the structure and the vertical compressive strain at the top of the
subgrade has been extensively used as an overall criterion for limiting
deformation of the whole pavement, (53). Thus these strain responses are
termed ‘'critical strains', and for normal loading conditions, both maximum
values are found on the vertical axis through the centre of the loaded area,
(Figure B82).

The majority of the fatiwe investigations to date suggest that
the response of bituminous material to repetitive loading can be defined

by a relationship of the following form, (53,59):

N=C DF (10.1)
r
in which ¢_ = tensile strain repeatedly applied;
N = no. of applications to failure;
C,m = material coefficients.

The relation between the number of strain repetitions and the
permissible compressive strain in the subgrade, developed by Edwards and

Valkering, (60), is of the same form as above:

N=k b (10.2)

15

in which e, = compressive strain repeatedly applied:
N = no. of applications to failure;

K,n = material coefficients.

As seen above, the forms of both distress models are identical.
Thus the relationship between the critical strains and the number of load

applications to failure, i.e., the strain-life, (e-N) relationship for
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both distress (damage) modes can be collectively represented by one model

as:

A DP (10.3)

z
L}

in which ¢ = the critical strain
N = the life associated with it
A,b= coefficients depending on the type of distress
and materials,
Using the distress model! given by Equation (10.3) the life associated
with the particular damage mode can be found once the critical strain

response is calculated using the structural response model.

10,3 Outline of the Proposed Method

The outline of the proposed method is as shown by the flow chart in
Figure 83,

(i) the Benkelman beam deflection and in situ C.B.R of subgrade are
measured, from which the resilient modulus of each layer is
derived,

(ii) the critical strains in the existing pavement are computed.
(ii1) from the values of critical strains, the distress lives of
the existing pavement can be known. Using the information,
together with the present and future traffic, the allowable
values of critical strains in the overlaid pavement are determined
by applying the cumulative damage theory.
(iv) the required thickness of overlay for each distress mode is

computed and the greater one is taken as the design thickness.
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CHAPTER ELEVEN

DETERMINATION OF IN SITU LAYER MODULI

111 Introduction

The methods used to assign values of resilient modulus to the
subgrade and unbound layers are similar to those presented in Part One
(Chapter Three). The resilient modulus for the bituminous layer is
deduced from the measured Benkelman beam deflection using the Method of

Equivalent Thicknesses.

11.2  Subgrade Layer Modulus from California Bearing Ratio

An empirical relationship between the dynamic elastic modulus of
the subgrade (Mr3) and its CBR value has been established by Heukelom |
and Klomp (26):

Mr3 (MN/mz) = ]10xCBR (11.1)

11.3 Unbound Layer Modulus from Subgrade Layer Modulus

It has been shown (26) that the modulus of the unbound base layer
(Mrz) depends on its thickness (HZ) and the modulus of the underlying :
subgrade (Mr3), according to the relationship (60,61):
Mr, = K, Mpq (11.2)

_ 0.45
where K2 = O.ZH2

H2 expressed in mm and 2<K2<4

11.4 Bituminous Layer Modulus from Benkelman Beam Deflection

The surface deflection under a moving wheel load, measured by the
Benkelman Beam, may be used to find the resilient modulus of the bituminous
layer. This section describes the procedure which may be used to calculate
the surface deflection, from which the resilient modulus of\the bituminous
layer is derived. As the resilient modulus depends on the loading time,
the procedure used to obtain the modulus value corresponding to typical

design speeds is presented.




11.4.1 Method of Equivalent Thicknesses

Elastic solutions for multi-layered systems can be obtained by
simple approximate calculations using the method of equivalent thicknesses,
(62,63,64,65). Ir is stated, (64,65), that solutions obtained by these
methods are in good agreement with rigorous analysis.

Fundamentally the solution involves two steps:

(i) Transformation of the multi-layered system into a single

layer with equivalent thickness,

(i1) use of the solutions for distributed loads on the surface

of a linear elastic semi-infinite mass.

Transformation into a single layer

To change a system consisting of layers having different moduli
into an elastic half-space, it is necessary to calculate an equivalent
thickness for each layer. The principle behind the calculation of an

equivalent thickness He of a layer with thickness H., modulus Mrl and

1’
Poisson's ratio vy in relation to a material with modulus MTZ and Poisson's
ratio vy (Figure 84), is that the equivalent layer must have the same
stiffness as the original layer, so as to give the same pressure distribution

underneath the layer. This consideration leads to:

3 Mrq 3

1
He X 1= 2 T Hl X 1-
vz v
1
A
i Mp 1 v2 3
5 1 2
or H = H1 T X >
€ ( ) 1=-v
1 (11.3)

If the value of Poisson's ratio is the same for both materials,

the expression reduces to
1

[ |
[

Solutions for Deflections in a Linear Elastic Semi~Infinite Mass

H, = H
(11.4)

The deflection and stresses at a point (r,z) of a linear elastic

semi-infinite mass, loaded at the surface by a point load P (Figure 85(a))




was given by Boussinesq, (66). The deflection and stresses which arise

when an area is loaded, as distinct from a point, can be deduced from
the Boussinesq analysis by replacing the loaded area with an equivalent
system of point loads. The effect of each of these loads is then
compounded by a process of integration. For a uniform vertical loading
on a circular area, the defiection 5 (z) at any depth (z) on the axis

(Figure 85(6)), is given (64,065) by

- (1+v) pa

5(2) =
r

1 - - 24, u
’—(sza)z), + (1-29) ((1+(z/2) D) b=z /2) I| (11.5)

_ 2
In calculating pavement stresses and deflections resulting from the
passage of traffic, it is usual to assume that the load carried by the

wheel is uniformly distributed over a circular area, as mentioned in

Section 10.1.

11.4,2 Computation of Bituminous Layer Modulus

Using the method of equivalent thicknesses, it is possible to determine
the modulus of the bituminous layer once the surface deflection and the
moduli of granular and subgrade layer are known.

Before starting the computational procedure, it is essential to know
the components of a surface deflection. As illustrated in Figure 86(a),

the surface deflection, Ss is the sum of the subgrade deflection,

urf’

Ssubg’ and the elastic deformations of the upper two layers, ¢y and Cye

The deflection of the subgrade can be found after transforming the
upper two layers into equivalent subgrade thickness and calculating the
deflection at depth H. 5 in the elastic half-space with modulus Mr 4
(Figure 86(b)). The elastic deformation of the granular layer can be
obtained after transforming the bituminous layer into an equivalent granular
layer thickness and calculating the deflections at depths He2 and

(H , + Hz) in the elastic half-space with modulus Mr2 (Figure 86(c)).

e2

The difference between the deflection values is the elastic deformation

of the granular layer. The elastic deformation of the bituminous layer is
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the difference between the deflections at the surface and at the depth
Hl in the elastic half space with modulus Mry (Figure 86(d)).
The algorithm for finding the modulus of the bituminous layer from

the measured deflection can be stared as below:

Algorithm:

(1) Take a first approximation of Mrl'

~ z}h
Mr1 1—vol
] " = | “ .
(2) Compute HeZ H1 Mrz X 1_V2 H
- 1

(3) Compute 6(He3) with Myq using Eqn. 11.5.

i &
Obtain (He3)

6subg -

¢ 3 i usi . .5
(4) Compute S(Hez) and (HeZ + HZ) with M., using Eqn. 11

T2

Obtain c, = 6(He2) - fS(He2 + Hz)

(5) Compute &(0) and G(Hl) with M, . using Eqn. 11.5

1

Obtain ¢, = §(0) - S(Hl)

(6) Compute Gsurf = osubg + ¢, + ¢y

(7y 1f | & - 8 | <0.05 (6

surf measured measured)

then take Mfl’ otherwise assume ancther value for MT1 and
repeat from step (2).
Using a scientific electronic calculator, the time taken tc get one
surface deflection value is about six minutes. After finding a minimum of

three deflection values and plotting them down on graph paper,

it is possiple to estimate the required
calculation is done with that estimated
value can be found within half an hour.

FORTRAN has been written for deflection

modulus value. A check

value. Thus the required modulus
A simple computer program in

calculation based on this method (58).

11.4.3 Adjustment for Loading Time Differences

As the bituminous material is viscoelastic in nature, the resilient
modulus depends on the duration of loading time. The modulus value derived
from the Benkelman beam deflection is associated with the loading time

corresponding to the speed of the Benkelman beam vehicle, whose speed is
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about 3 km/hr. The speed of commerica! vehicles may be

design purposes 4s 80 km/hr. An adjustment for loading time difference
is thus necessary, This can be accompiished by using the Modulus~Time-

Temperature relationship, developed by Brown, (28), as given below.

taken for

X »
log, M _=log, (aT*~bT+c)~10 4 (a1 veT+£) (0.5H-0,2-0,94 log, V)

where Mr = resilient modulus, MN/m
0
T = temperature, C
H = bituminous layer thickness, metres.
V = vehicle speed, km/hr.

a,b,c,d,e,f, = constants that depend on the material

(11.6)

Values of the constants for the two materials investigated, (28),

are given in Table 20, Using this equation, values of modulus can be

calculated for different values of the three basic variables, temperature,

layer thickness and vehicle speed. For a given layer thickness and keeping

the temperature constant at the standard for Benkelman beam measurement,

ZOOC, the ratio of the moduli at vehicle speeds 3 km/hr and 80 km/hr can

be calculated. The ratio is then applied to the modulus value at a speed of

3 km/hr to give the modulus at 80 km/hr.
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CHAPTER TWELVE

DETERMINATION OF CRITICAL STRAINS

12.1 Selection of the Method

The calculation of stresses and strains in a pavement structure
can be done in a number of ways., There are tables and charts of influence
values available in the literature that can be used to solve two

and three layer systems, (67,68), A difficulty with the tabular solution

is the amount of interpolation required for normal analyses. Most of

the more recent work has been presented in the form of computer programs,
Modern computer programs are characterised by BISAR (69), DEFPAV, (2,3)

and others, (70). Solutions in the form of computer programs are very useful

and capable of great versatility provided ready access to a suitable computer

is available., However, this is not always so. An alternative approach is
the use of a prediction equation, (71), developed for specific responses,
e.g. critical strains. Elastic layer and finite element computer programs

are used to compute fundamental pavement responses for inputs to the

prediction equations. Multiple regression analyses are then used to develop
models to estimate the required responses., The result is simple, approximate
equations capable of estimating the specific response from standard design
, inputs for many alternatives in a very small amount of computer (or preferably
pocket scientific calculator time. As the basic aspect of the method is
to be simple and straightforward in use, the prediction method approach is

selected for the determination of critical strains.

12.2 Prediction Models for Critical Strains

The procedure required to develop prediction models can be stated
‘ briefly as follows:

(i) sensitivity analyses of the structural design variables with

respect to the response under consideration are conducted
using computer programs.
(ii) through these sensitivity analyses , some design variables are

eliminated, or combined into each other without significantly
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affecting the computed response.
(i1i) a ractorial arrangement 1s set up to compute the specific
response for u typical range of designs with selected variables.
(iv) the data obtained 1s then used in a multiple regression analysis
to produce a respopse prediction model.
Due to the amcunt of time available, it was not Dpossibly to develop such
medels in this project. Instead, the two strain prediction models developed
by Meyer et al., {71) are taken for the purpose. After taking the models
as they are, the recalibration is done by using the computer program, DEFPAV,
The forms of the two models are given by Equations 12.1 and 12.2.

Bituminous Layer Tensile Strain

in (€r> =a; ra,t va o (Mrg) *a, M, 1n (Hl) +
. 1 { . h 2 .
as Mrl In \Hl) *+ ag H2 Wrz *a, H1 1n (Wrz) (12.1)
where ¢ - == x 1073 My, - MN/m + 700
r mm 1
2
H1 - mm 5 25 Mrz - MN/m™ ¢ 70
B
- - - MN/mS e
Hy, = mm & 250 Mpy = MN/mT ¢ 7

Subgrade Soil Layer Compressive Strain

In (EZ) =bh +b_ la (EAT.Mrl) + B3 In (Mrl.MrB) +

1 2
ba 1n (EAT.M[‘I.M[-:;) (12.2)
mn 2
where « - — H Mrl - MN/m” ¢ 7000
Vd oo
EAT - mm 5 250 Mr3 - MN/m2 : 70
EAT means Equivalent Asphalt Thickness and is calculated by
i-MTO ]-'v‘.)-‘ ‘/
EAT = H, + H, ;< x ——1|"
1 P MT \ 2 !
1 ,-\,2 i

(The factors behind the units associated with each input, result
from the direct conversicn of F.P.S. units in the reference op.cit, to

S.I, Units).,

12.3 Computation of Critical Strains from Multi-lLayer Elastic Theory

The values of critical strain which are necessary for input into

the multiple regression analysis are computed by using the computer program

DEFPAV, described in Part One (Chapter Two). The automatic grid generationm




option was adopted.

12.3,1 Factorial Design of Pavement Reponse Computation

A factorial arrangement was set up for the calculation of critical
strains for a typical range of three-layevred systems, (Table 21). The set
used in a specific calculation is identified by a number as shown. The
80 kN standard axle is characterized by a wheel load of 40 kN, tyre pressure
of 500 kN/m2 and radius of loaded area 160 mm. The results obtained from

‘ this computation are listed in Table 22,

f 12.4 Multiple Repgression Apnalysis

The multiple regression analysis was performed by using the Statistical
Package for the Social Sciences (S8.P.S.S.) (Version 53), available on the
P ICL.1906A at Birmingham University Computer Centre, (72). The Fixed

Multiple Regression subprogram was used. The data for the regression analysis

’ was prepared from the structural parameters and the strains computed as
mentioned in the preceding section, according to Equations 12.1 and 12.2.
From these analyses, the following prediction equations were ob*tained:

In (cr) = -0,95696 - 0.11386 H, - 0.98535 in (MrZ)

1
+0.04200 Mr3 In <H1) - 0.04540 Mrl in (Hl)

+0.11244 H, Mp,

-8.78713 - 0,35892 1n (EAT.Mrl) + 0,84628 1n (Mrl'Mr3)

+0.01361 H In (M) (12.3)

1n (ez)
-1.10612 1 AT, M .
12 1n (EAT MTI r3) (12,4)
The multiple correlation coefficient squared (Rz) associated with
Equation 12.3 is 0.92306. The F-Value is 35.99198 which is significant
at one per cent level of significance, i.e.
F = 35.99198>F0.01 = 4.01
with v = 6, vy ¥ 18.
The R2 associated with Equation 12.4 is 0.95282 and the F-value

is 141,35295 which is significant at one per cent level of significance, i.e.

F = 141.35295>F0.01 = 4.87

with vy = 3, v, = 21,
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Thus the prediction accuracy measured by R2 - values (73), are
quite good for both regression equations, and the assumed regression

equations are statistically significant as determined by the F-tests, (74).
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CHAPTER THIRTEEN

:1 DETERMINATION OF OVERLAY THICKNESS

At any instant in time, there is a certain amount of accumulated
damage done tu an existing paveuent by repeated traffic loading. Together
with this, there is also a tertain amount of remaining damage which the
existing pavement can undergo before failure., The magnitude of damage
caused by each repeated traffic loading (usually expressed in terms of its
equivalent number of standard axles) depends on the structural strength
of the existing pavement, It the magnitude of the critical strains is
reduced, then the existing pavement can carry a larger number of standard
axle loads. Thus the function of an overlay is to reduce the magnitude of
these critical load induced strains. Ln the following sections the concept
of damage and the theory of cumulative damage is discussed together with
the determination of allowable critical strains which control
fatigue and rutting damage., Finally, the computation of required overlays

corresponding to the allowable critical strains is discussed.

13.1 Phenomenological Theory of Cumulative Damage

The phenomenological theory of cumulative damage can be outlined as

follows:

Let n, = number of applications at stress or strain level i

Ni = number of applications to failure at stress or strain
level i
Di = damage due to n, number of applications at stress or

strain level i
Then the damage, Di’ is defined as the stress or strain cycle

ratio, i.e.

o
1]
zlpp

[y
-

(13.1)
It is obvious that failure will occur when Di =1,
Let r = number of different stress or strain levels involved.

L D = cumulative damage due to number of applications at different

‘888 Or strain levels,

H
H
L
i




Then the cumulative damage, D, is stated ac the linecar summation

of cycle ratios, i.e.,

i=i i=1 i (13.2)

The hypothesis states that the failure will occur when D = 1, i.e.

i;l i (13.3)

This phenomenclogical thecry of cumalative damage (75) was advanced
by Miner (7b) to predict the fatigue life of metals subjected to fluctuat-
ing stress amplitudes. Monismith, vt al., (77), have suggested that it
might be used to estimate the fatigue life of the bituminous layer in the
pavement structure, Since then, it has been utilized by a number of
investigators (78) and appears to be acceptable as a useful design relation-
ship, at this time, for fatigue life estimation, since anything more complex
does not appear warranted.

As mentioned in Section 10.2, (also Part One, Chapter Seven) the
structurai damage suffered by a pavement structure is usually divided
into two parts that are not necessarily independent of each other: fatigue
fracture and rutting distortion, Fatigue fracture from repeated traffic
loading develops in the bituminous layer of the structure and the radial
tensile strain at the bottom of that layer has been used as a criterion
for limiting fatigue fracture. Rutting deformation from repeated traffic
loading can develop in all layers of the structure and the vertical
compressive strain at the top of the subgrade has been extensively used
as an overall ecriterion for limiting deformation of the whole pavement.

In both forms of damage the relationship between strain levels and
number of cycles to faiiure, (strain-life relationship) is given by

equation 10, 3:

Thus, it seems possible to apply the cumulative damage theory to

cutting distortion too. Furthermore, as indicated by Equation 10,3, strain




would be the appropriate criterion when one applies the cumulative damage
theory to pavement materials to predict fatigue and rutting damages.

The accumulation of damage from repeated application at various
strain levels can be illustrated diagramatically as shown in Figure 87,
In Figure 87(a), the strain-life diagram, the strain-life curve is shown
as the line 1 - k, with life N, correspondingtostrain €, and so on,

1 1

The lines a - b, ¢ - d, and so on represent n., applications at strain ¢

1 1’

n, applications at strain “ and so on, In other words

2
these lines, represented by arrows, can be called damage paths, The
dashed lines b - ¢, d - e and so on can be called iso-damage lines and

in fact, the line 1 - k is also in iso~damage line at which failure

occurs, As the amounts of damage at b and ¢ are the same, then

D=1
N N
1 n e Ty
or n = N2 x ‘1, and similarly n and n can be found. Thus,
N
1

the damage process can be shown on the strain-life diagram accordingly.

A more simple presentation is possible when the process is shown
on the damage—lif; diagram as shown in Figure 87(b). The scale of the
damage axis ranges from O to 1, The corresponding lines from Figure 87(a)
are included, 1t is worth noting that the values of n', nn" and so on
can be found on the damage-life diagram itself. Finally the damage paths
can be shown continuously when they are plotted in the damage-path diagram
as shown in Figure 87(c) where the vertical axis represents the amount
of damage and the horizontal axis, the number of applications at any strain

‘evel, In this way, the cumulative damage arising from repeated applications

.+ itterent strain levels can be depicted in diagrammatic form.

-pitation of Allowable Critical Strains

-+ +iral design purposes, the variation in axle loads is

i equivalent number of standard (R200 kg)




axles, and it is also normal practice to use representative values for
environmental inputs such as temperature conditions. Therefore the

magnitudes of critical strains remain constant for a given pavement

structure, unless the structural condition of the pavement itself changes.
When a pavement is overlaid, its structural condition is changed and

so are the critical strains, Figure 88, The number of strain levels
involved throughout the life of the pavement is equal to the number of
applications of overlay plus one. The total damage caused to the pavement
can then be assessed by applying the cumulative damage theory.

To illustrate the damage process, the case of a pavement structure
with a single application of overlay (i.e. two levels of strain involved)
before it findly fails, will be considered. The damage process for this
overlay problem (which can also be regarded as two-stage construction

problem) is shown in Figure 89.

Let € = strain level before overlay
€y = strain level after overlay
n = number of applications at strain level € {(i.e. number of
accumulated standard axles up to the present).
n, = number of applications at strain level €9 (i.e. anumber

of future accumulated standard axles up to the failure of
pavement).
The magnitude of €, can be calculated from the geometry and structural
[ properties of the existing pavement structure as mentioned in Section 12.2,
) The traffic history gives the value of n, and the traffic forecasting the
value of n,. The problem is to find the value of €, 80 that the pavement
can undergo further n, number of standard axles before it finally fails.

According to Equation 13,3 failure occurs when




gar=y

and from equation 10.3

1o N
A('; ) = N - &
~2 ! 1
— _ - 1/
i =tﬁ (N1 nl) b
2 N (13.4)

The process of obtaining the value of £, can be shown on Figure 89.

From the knowledge of y and n the first damage path 1-2 can be plotted

1’
on all diagrams, Figure 89 (a), (b) and (¢). Then on the damage path
diagram (c), the damage path 3-4 can be drawn with the knowledge of the
value of n,. It is now possible to draw the iso—-strain line £, on the
damage-life diagram (b), as it is paralled to the second damage path 3-4
on diagram (c). The point where the iso-strain line £y cuts the failure
line, D=1, gives the value of life N2. Projecting this point vertically
upward to the strain-life diagram (a) above will give the required value
of €y

The principle discussed above can also be generalized to cases which

involve a number of applications of overlay, (or when considering stage

construction, cases involving several stages of coanstruction) as follows:

Let D, cumulative damage due to compound strain applications

up to the present.

D2 = incremental damage expected after overlay due to n,
applications at single strain level €y
DT = total cumulative damage (equals unity at failure).

According to Equations 13,1 and 13.2,

D = :I.g-
2 NZ
and DT = D1 + D2
n
thusN2 = __...Z_D_
Dp =Dy

A(%) =
2 T 1

yielding
(13{5)

T
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9 the value of
DT is unicy. These equations are, ot course, common for both critical
strains (i.e. radial tensik strain, e and vertical compressive strain,
ez),and so the value of the material constants, A and b, depend on which
allowable strain is being sought. Once the magnitude of strain after

overlay is known, the thickness and type of overlay can be calculated as

discussed in the following scction,

13.3 Computation of Overlay Thickness

The function of an overlay is to reduce the amount of damage caused
by each application of standard axle load so that the pavement can carry
more standard axle loads before it finally fails. The amount of damage,
in turn, depends on the magnitude of critical strains in the pavement
structure, Fatigue fracture damage depends on the radial tensile strain
at the bottom of the bituminous layer and rutting damage on the vertical
compressive strain on the top of subgrade. The prediction equatioms for
these strains have been derived in Chapter Twelve and are given by
Equations 12.3 and 12.4 respectively.

From the preceding section, the allowable critical strains after
overlay can be calculated. Thus the values of the strains in Equation 12.3
and 12.4 are known and the problem is to find the values of H1 and EAT
which would satisfy these equations. The two equations can be re-written
implicitly in terms of H1 and EAT as

f (Hl) = 0 and g (EAT) = 0.

The solutions to these non-linear equations can be obtained by a
trial and error approach, or more systematically by a numerical method, such
as the Newton-Raphson method.

The difference between the new H (H1 after overlay) and the old H

1 1

(existing HI) gives the necessary overlay thickness to preclude fatigue

fracture. Similarly the difference between the new and old EAT gives

|
i




the required overlay thickness to preclude rutting distortion. The greater
one is taken as the required overlay thickness. If the resilient modulus
of the overlay material is different from that of the existing bituminous
bound material, the required overlay thickness can be adjusted accordingly

by using the equivalent thickness principle.
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UVERLAY DESIGN EXAMPL. oY lu’ ¢KOPUstD METnOD

in this chapter, an example o! un over.ay cesign by the
proposed metnod Is presented. Tae uvbjective is two-fold:

(1) tc illustrate to the user tue essential steps in
applying tae principles of the design precedure to real,
practical overlay probiems

(ii) to assess tue validity of the p oposed design procedure by
comparing the results obtained by the proposed method and
by otner methods.

14.1 Uverlay Design Lkxample

The design example ~vhicu is used by Normal et al., (19) to
demonstrate the T.R.,R.L. Deflection Methed, Is given in Table 23, and
can be stated as follows: A road has the following construction: 100 mm
of two-course rolled aspnalt surfacing, 125 mm of rolled asphalt roadbase
and 300 mm of type 2 subbase material on a subgrade of C.B.R. 4Z. The
present cumulative traffic is equivalent tc 2.2 mSA and the future cumulative
traffic equivalent to 9.7 wS4, The deflection survey ctf the road gives
tnree representative deflections along the road, corrected to an equivalent

2 mm, 57 x 1072 mm, to

deflection beam reading at 20°C: 38 x 10-2 mm, 43 x 10
be known as cases 1 - 3 respectively. It is required to know the thicknesses
of overlays necessary along tne road. The type of material specified for

the overlay is rolled aspnalt.

Determination of In Situ Layer Moduli

Prior to the determination of in situ layer moduli, the existing
pavement structure has to be reduced to a three~layered system. In this
problem, the rolled asphalt surfacing layer and the rolled asphalt roadbase
are combined to form a 225 mm bituminous layer. After reduction to a
three~layered system, the procedure outlined in Chapter Eleven is applied for

the calculation of in situ layer moduli. The moduli of the bituminous layer

corresponding to each of the deflection values are given in Table 24

b
3




togetiaer with tnose of the other two lavers.

Determination of Critical straius

In order to assess tiae amount of cumulative damage done to the

existing pavement by the present traftic, the magnitude of the critical
strains in the pavement structure 1s required. These are determined by
using the prediction equations, tquations 12.3 and 12.4, developed in
Chapter Twelve. The values of the input parameters to the prediction
equations are presented in Table 25 along with the computed critical
strains for all three cases. The fatigue law (fy - N Line) for a typical

rolled asphait mix, (80) is given by Lquation 14.1, The rutting law,

(Ez = & Line) for British conditions (&1) which has been obtained by

analysis of a range of structures taken from Road Note 29, (30) is given

by Equation 14,2,

- 4.9
A = 8,9 x 10 L3 X )

€ (14.1)
¥y o=1.1x10"% . L3-8 (14.2)

€

z
Using the above equations the lives of the pavement in terms of both

types of damages can be found, (Tavlie 25), aund hence, with the knowledge

of the present cumulative traffic, the amount of damage already done to the

pavement can be estimated. From the calculation, it is found that for all

cases except case 3, both the fatigue and rutting lines of the existing
pavement is greater than the required total life of 11.9 mSA. It means

that no overlay is required for Cases 1 and 2. For Case 3, both fatigue

and rutting lines are smaller than the required total life and so the overlay
is necessary.

Determination of Overlay Thickness

Once the amount of damage suffered by the existing pavement is
ascertained, the cumulative damage theory is applied to determine the
allowable critical strains that will give the required extension of
pavement life for future traffic. EQuation 13.4 is used for computing

the allowable strains. When the values of these strains are obtained, the
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new values of Hl and EAT are calculated from Equations 12.3 and 12.4 by
a trial and error method. Finally the overlay thicknesses to preclude
both damage modes are obtained and the larger thickness is taken as the
necessary overlay thickness for the pavement. If the resilient modulus
taken for the newly laid overlay material is different from that of the

existing bituminous layer, the overlay thickness is adjusted accordingly.

The results are summarized in Table 26. In this design example, no
overlay is needed for Cases 1 and 2, and the fatigue fracture controls
the required overlay thickness in Case 3.

14.2 Overlay Design by Other Methods

The design example is solved by the T.R.R.L. Deflection Method,
(57), and the results are summarised in Table 27. Two levels of
probabilities (0.5 and 0.9) are used and these results are compared with
those of the proposed method in Table 28.
14.3 Remarks

i) The calculated resilient modulus of the bituminous layer
from the measured deflections are typical for rolled asphalt,
which would indicate that the use of the Method of Equivalent
Thicknesses in calculating the deflection of a pavement structure
is reasonable.

(ii) Considerable engineering judgement is required in the
modelling of the in situ pavement structure into an idealised
three-layered system.

(iii) Table 28 indicates that the fatigue law for a typical rolled
asphalt mix and the compressive strain criteria for rutting

give reasonable predictions of the structural condition of

the pavement.
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CHAPTER FIFTEEN

SUMMARY OF WORK DONE

Research work carried out at a number of centres has been drawn
together to provide the basis for a rational overlay thickness design
procedure. It was intended that this method should be applicable in
developing countries where there is a relatively poorly developed engineering
infrastructure. Consequently the entire procedure may be performed in the

field with only a Benklman Beam and a hand held electronic calculator.
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Layer Material Thickness Mr
No. (mm) 2 v
(MN/m")

1 Bituminous 100 2750 0.4

2 Crushed rock 485 31.25 0.3

3 Subgrade © 12.5 0.45

Details of pavement model
Wheel Assembly Twin Single
Tyre loading (kg) 1588 3175
Contact pressure (kN/mz) 590 590
Radius of loaded area (mm) 92 130
Required deflection (mm x 10-2) 38 57
Loading details

SIMULATION OF SINGLE AND TWIN WHEEL

ASSEMBLIES

TABLE 1




IDENTIFICATLION TESTS

Description of sample Soft light brown sandy clay
In situ moisture content 212 3 3

: Bulk density 2008 kg/m~ (125 1b/ft”)

| Dry density 1660 kg/m3 (104 1b/ft3)

! Liquid limit (using cone penetrometer) 252

; Plastic limit 207

! CBR TEST

1 CBR (top of sample) 27
CBR (bottom of sample) 27

MODIFIED A.A.S.H.O. COMPACTION TEST

Maximum dry density 1870 kg/m3 (117 1b/ft3)
Optimum moisture content 127

RESILIENT MODULUS OF SUBGRADE (Mr )
3

» (i) Mr (MN/mz) = 10 x CBR, after Heukelom and Klomp 26).
‘ 3

Thus M_ = 20 MN/m>.
T3

(ii) Relative compaction (RC) = 0.89
Relative moisture content (RW) = 1,75
Thus Mr = 12.5 MN/mz, after Kirwan and Snaith (9).
3

Value used for analysis : Moo= 12.5 MN/mz.
3

f SUMMARY OF LABORATORY TEST RESULTS

|
% (SUBGRADE MATERIAL - HILLSBOROUGH TEST SECTION)

TABLE 2
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IDENTIFICATION TESTS

Description of sample

In situ moisture content

Bulk density

Dry density

Liquid limit (using cone penetrometer)
Plastic limit

CBR TEST

CBR (top of sample)
CBR (bottom of sample)

MODIFIED A.A.S5.H.0. COMPACTION TEST

Maximum dry density
Optimum moisture content

RESILIENT MODULUS OF SUBGRADE (Mr )
3

Soft dark brown clay
237 3 3
2110 kg/m~ (132 1b/ft7)
1715 kg/m3 (107 1b/fe3)
347
18%

47
6%

1940 kg/m> (121 1b/ft)
12.57

(i) Mr (MN/mZ) = 10 x CBR, after Heukelom and Klomp (26).

3

Thus M = 40 MN/m2
3

(ii) Relative compaction (Rc) = 0,

Relative moisture content (Rw)

88

= 1.84

Thus Mr = 12.5 MN/mz, after Kirwan and Snaith (9).

3

Value used for analysis :

Mr = 40 MN/mz.

SUMMARY OF LABORATORY TEST RESULTS

(SUBGRADE MATERIAL - Ml

MOTORWAY TEST SECTION)

TABLE
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f 1
; Deflection before overlaying r %
| (mm x 10-2) 40 50 60 70 80 90 100 i
—
!
Surface layer modulus |
2 4050 | 3200 { 2600 | 2150 | 1800 | 1550 | 1300 !
M (MN/m®) i
r
! !
1
Layer Thickness Mr
No. Material (mm) (MN/mZ) v
. . . as
1 Bituminous varied 0.4
shown
2 Crushed rock 485 31.25 0.3
3 Subgrade = 12.5 0.45
Loading details: Radius of loaded area 130 mm-
5
Uniform loading of 590 kN/m"

DETAILS OF PAVEMENT MODEL USED

IN THE DERIVATION OF AN

OVERLAY DESIGN CHART FOR THE HILLSBOROUGH TEST SECTION

TABLE

8
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'Deflection before overlaying
| . 20 30 40 50 6U
) (mm x 10 7)
r
Surface layer modulus
2 2
M (MN/m%) 4450 2450 1450 900 550
r
1
: M
Layer Material Thickness r v
No (mr) (MN/mz)
1 Bituminous varied as
€ shown 0.4
2 Crushed rock 485 100 0.3
3 Subgrade ® 40 0.45
Loading details: Radius of loaded area 130 mm
3
E Uniform loading of 590 kN/m2

DETAILS OF PAVEMENT MODEL USED

IN THE DERIVATION OF AN

OVERLAY DESIGN CHART FOR THE Ml

MOTORWAY TEST SECTION

TABLE 9
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| |
! Resilient modulus Computed deflection |
‘Observacion Time T, for bituminous layer -2
. 40 (mm x 10 )
: No. (hr., min. ) o (MN/mz)
o)
Model A Model B | Model A Model B
1 4.15 a.m. [ 12 5100 5850 17 15
L 2 5.00 a.m. | 11 5450 6200 16 15

3 6.00 a.m, | 11 5450 6200 16 15

4 7.00 a.m. | 15 4150 4800 21 18

5 8.00 a.m. | 14.5 4300 5000 20 18

6 9.00 a.m. | 16.5 | 3700 4350 23 20

7 11.00 a.m. | 24.5 1700 2200 45 37

8 1.00 p.m. | 31.5 550 900 96 71
l 9 2.00 p.m. | 31 600 950 91 69
[ 10 3.00 p.m. | 31.5 550 900 96 71

11 5.30 p.m. | 30 750 1100 80 62

12 8.00 p.m. | 26 1400 1900 52 41

13 11.00 p.m, | 20 2750 3300 30 26 1

PREDICTION OF TRANSIENT DEFLECTION AT DIFFERENT TEMPERATURES,

USING DATA FOR JUNE 21, 1977

(BITUMINOUS MATERIAL MODELLED AS ONE LAYER)

TABLE 11
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f
Benkelman Beam vehicle Deflectograph
Details

Front Rear Front Rear
Axle load (kg) 2960 6350 4750 6350
Wheel load (kg) 1480 3175 2375 3175
Contact pressure (kN/mZ) 552 590 690 690
Radius of loaded area (mm) 92 130 104 120
Wheel track (mm) 1800 1800 1830 1830
Wheel base {(mm) 3200 4500

DETAILS OF SINGLE WHEEL ASSEMBLIES USED TO

SIMULATE THE FRONT AND REAR WHEELS OF THE

BENKELMAN BEAM VEHICLE AND THE DEFLECTOGRAPH

TABLE 12
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Axle Load
Equivalence Factor
1b kg
2000 910 0.0002 ﬂ
4000 1810 0.0025
6000 2720 0.01
8000 3630 0.03
10000 4540 0.09
12000 5440 0.19
14000 6350 0.35
16000 7260 0.61
18000 8160 1.0
20000 9070 1.5
22000 9980 2.3
24000 10890 3.2
26000 11790 4.4
28000 12700 5.8
30000 13610 7.6
32000 14520 9.7
34000 15420 12.1
36000 16320 15.0
38000 17230 18.6
40000 18140 22.8

LOAD EQUIVALENCE FACTORS OBTAINED FROM THE RESULTS OF THE

A.A.S.H.0. ROAD TEST (AFTER NORMAN ET AL (19))

TABLE 16
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T T
M. (/) 103 137.3 171.5 205.8 240 |
| |
)
03 (kN/m7) ] 35 70 105 140
1 ]
Granular Layer (03: minor principal stress)
) :
M, (N/mO) 30 25.5 21 16.5 12 §
|
o, (kN/m®) 20 30 40 50 60

Subgrade (01: major principal stress)

VALUES OF RESILIENT MUDULUS ASSIGNED TO

THE GRANULAR LAYER AND THE SUBGRADE

|
|

E‘ TABLE _ 18
i
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» Without With

Computed Value Fabric Fabric

Surface transient deflection
- 32
(mm x 10 2) 48
Horizontal tensile strain at
bottom of bituminous 510 600
layer (microstrain)
Vertical compressive strain
at top of subgrade 638 658
(microstrain)
Horizontal tensile stress at
bottom of granular layer 28 20
(kN/m?)
Rut depth after 2 x 104
load applications 1.4 1.4
(mm)
ANALYSIS OF A PAVEMENT BOTH WITH AND
WITHOUT A FABRIC INCLUSION
TABLE 19
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L = 40 kN, p = 500 kN/mZ, a = 160 mm

foF)
200(0.4) 4000(0.4) 7000(0.4) 6000(0.4)
8
-Xr Mr, H,)
3 2 \2 100 ]300 500 {100 | 300 | 500 | 100 | 300 |500 |100 [300 [500
/¢ D ( mm)
200 /1 / 2 //3 4 / 5
20 50
L4 .4
(.48)(0.4) s00 | 6 ; 8
200 9 / 10 |11 12 13
50 125
(0.4))0.3)
(01500 // 14 /15 16
r
200 17 18//19/20 / 21 | 22
70 | 175
.4)X0.3)
(0.9 (0-3 23/ 24 // / 25//
Note : Numerals within brackets are values of Poisson's Ratio.
TABLE 21 FACTORIAL DESIGN OF PAVEMENT RESPONSE COMPUTATION
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3 €
Set No. Micro;train Micro:train

) 60.0 141.8

2 73.3 156.0

3 b6 .9 120.5

4 20.5 80.3

5 15.0 64.1

6 535.5 399.5

7 238.7 341.1

8 192.3 315.5

9 107.3 242.4
10 6L .5 135.9
11 29.7 74.5
12 18.0 53.3
13 32.1 84.2
14 23.5 165.8
i5 172.0 179. 4
16 145.3 177.6
" 17 73.4 209.3
18 bs. 4 99.5
19 26.4 6L.5
20 37.6 91.4
21 30.9 78.5
22 13.9 3.1
23 221.4 218.2
24 185.6 207.8
25 124 .4 175.5

¢ TABLE 22: RESULTS OF STRAIN CALCULATION
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PAVEMENT DETAILS TRAFFIC DEFLECTION
. ) e 20°,
Road layer Thickness | Material mSA 3 km/hr
() mm x 10~2
Surfacing 100 2 course (1) 38
rolled Present
asphalt 2.2
Road base 125 Rolled (2) 43
asphalt
Future
Sub base 300 Type 2 9.7 3 57
Subgrade 00 C.B.R. 47

Table 23 : DESIGN EXAMPLE
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Deflection

o Subgrade ?nbound Bituminous Layer
@ 20°¢c ayer
Case | 3 km/hr H o ; :
ase ) H3 Mr3 2 wro H1 Mr1@2000 Mr{920°C
mm x 10 2 7.2 3 km/hr [80 km/hr
mm MN/m® | mm MN/m” | mm MN/mé /m?
1 38 2750 5500
2 43 00 40 300 104 225 2000 4000
3 57 950 1900
TABLE 24 : DETERMINATION OF IN SITU LAYER MODULI
N .
Mode Hl H2 EAT Jrl Mr2 Mr3 € N1 Required
N
of , : 7. 7 7,
Damage |Mm i |mm % _ MN/m°t [MN/m: IMN/@®: |micro MSA MSA
25 250 700 70 7 strain|
7.85714 92.62 | 51.59
Fatigue
9.0 1.2 - [5.71429{1.48571{5.714290114.69 | 18.10 11.9
Fracture
2.71429 154,70 | 4.18
_ - mm # PN/QZ: - MN/m’: | micro
250 7000 70 strain
1.21970p.78571 153.25( 59.42
Rutting
. - - 1.25550p.57143] - 0.571431178.88 34.05 11.9
Distor-
 tion 1.35563D.27143 253.39] 9.72
|
\ i

Table 25 : DETERMINATION OF CRITICAL STRAINS

b .
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Adjusted
Damage €, Hl Overlay Overlay
Case
Mode p strain fmm 25 om mm
1 - - 0 0
Fatigue
2 - - 0 0
Fracture
3 111.84 12.3 82.5 60
EAT
mm + 250
1 Rutting - - 0 0
2 Distortion - - (0} 0
|
3 236.10 1.42 16.8 i 11.8
z |

TABLE 26 : DETERMINATION OF OVERLAY THICKNESS
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‘ Existing Life Overlay
E c (mSA) (mm)
ase Probabill Probability Probabilityfrobahiliry
0.5 0.9 0.5 0.9
1 8.3 6.8 40 40
2 5.9 4.8 40 60
3 3.6 2.6 70 110

TABLE 27: DESIGN EXAMPLE BY T.R.R.L. METHOD

OVERLAY (mm)
TRRL METHOD PROPOSED METHOD
Case 111 111
Probability |Probability Fatigue Rutting

0.5 0.9
1 40 40 o] 4]
2 40 60 0 0
3 70 110 60 12

TABLE 28 : COMPARISON OF RESULTS




APPENDIX 2

FIGURES




- 119 -

Circular contact area

— node
A A,
\ \,o‘ie( ~[—element
oy '
\®
3
\,O‘ie(
K l

<k Boundary restrained horizontally

Boundary restrained honzontally
and vertically

AXIALLY SYMMETRIC CASE OF A UNIFORM CIRCULAR
LOAD ON A THREE -LAYER PAVEMENT
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LOADING DETAILS

Radlius of contact area
Magnitude of contact pressure

GRID SPECIFICATION
AUTOMATIC GRID GENERATION
No. of layers
No. of layers No. of element rows
Layer thicknesses No. of element columns
No. of element rows per layer

Radius of each node
Ordinate of each node

ELASTIC PARAMETERS

Resilient Modulus value/s
(Corresponding stress values)
Poisson's Ratio

per
layer

CREEP PARAMETERS

No. of wheel passes

Temperature
Creep Equation No.
Calibration factor

per
layer

INPUT TO THE COMPUTER PROGRAM DEFPAV (OPTION VERSION)

FIG. 2
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# uniform load
[ ////

T
7

Ko

P

For each column of elements

where A = total permanent deformation (rut depth)
€ = permanent vertical strain in an element
h = thickness of element

n = number of elements in the element column

COMPUTATION OF PERMANENT DEFORMATION

(AFTER  BARKSDALE 10))

FIG. 3
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LT M )
Layer i Material { fhickness r , K i
No. ) () (MN/m™) !
L . ]
T !
i 1 ( Bituminous 100 1000 0.4 i
} 2 Crushed rock 485 31.25 0.3 |
3 Subgrade © 12.5 0.45 !
_j‘
. . . i
Loading details: Radius of loaded area 130 mm |
Uniform loading of 590 kN/m2 J

Detalls of pavement model

Ko |
| "o
i £
, € 1
}
5
; kol * ™ v —
‘ % 20
%
©
g
g_ 10
100L~
0 5 10 15 20

Distarce to lateral boundary — m

EFFECT OF INCREASING DISTANCE TO LATERAL BOUNDARY

ON COMPUTED SURFACE TRANSIENT DEFLECTION

F1G. 5
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. M
Layer N . Thickness r, v
vo. Material (mm) o /m2)
1 Bituminous 216 2750 4
2 Crushed rock 485 31.25
3 Subgrade © 12.5 .45
Loading details: Contact pressure = 690 kN/m2

Radius of loaded area deduced from wheel load and

contact pressure.

Details of pavement model

50 /
40 /
N
‘e /
E v /
| /
c
2 /
22
o
<
2
3 10 7
E e,
8
0
0 10 0 40 50
Wheel load -~ kN

VARIATION OF COMPUTED SURFACE TRANSIENT DEFLECTION

WITH MAGNITUDE OF WHEEL LOAD

9

FIG.
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' ,f
Layer Material Thickness ‘Nr i
NGO, ' (1) 2 v 5
(MN/m™) i
1 Bituminous 216 2750 0.4 !
2 Crushed rock 485 31.25 0.3 !
3 Subgrade w 12.5 0.45 i
—
Details of pavement model
Yo 30
»
' N
8 25 7/ &
E 20
3 Wheel load
§ 3175 kg
15 i
0 200 400 600 800 1000
Contact pressure ~ kN/m?
| ] T LI L 8
223 %7 130 11 99
Radius ot loaded areqa —mm
VARIATION OF COMPUTED SURFACE TRANSIENT DEFLECTION
WITH CONTACT PRESSURE
FIG. 10
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- ‘
L. M { ‘
dgsr Material Thickness r7 v |
’ (mm) (MN/m")
1 Bituminous 180 1400 0.4
2 Crushed rock 485 M = 2.5 M ) 0.3
2 3
3 Subgrade @ Mr = 10 (CBR) 0.45 ;
3 :
|
Loading details: Radius of loaded area 130 mp
Uniform loading of 590 kN/m2

Details of pavement model

50
13
- L
£ 40
E
|
§
30
§ <
b L
éé --‘"“~1
10
0 A 8 12 16 20 CBR
|
40 100 200 Mr,- MN/m"
] L i
100 250 560 Nﬁi—hﬂN/ﬂf

VARIATION OF COMPUTED SURFACE TRANSIENT DEFLECTION

WITH CBR VALUE OF THE SUBGRADE

F1G. 11
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; .
* o ] . - t
Layer Material Thickness Mr ) Poisson's Ratio (v)

No. ' (mm) (MN/m®) 1
Vary- Vary- Vary-
ing vy ing v, ing vy

1 Bituminous 216 2750 - 0.4
2 Crushed rock 485 31.25 0.3 -
3 Subgrade © 12.5 0.45 0.45 -
Loading details: Radius of loaded area 130 mm
Uniform loading of 590 kN/m2

Details of pavement model

3B T
o Varyng _r l
lg G
x | ﬁ\l\\
E 30 W ,
I Y
5
g =
3
g
5 20
i Q
; 8
|
| 15
0 al Q2 a3 04 as
‘ ' Poisson's ratio (V)
‘ VARIATION OF COMPUTED SURFACE TRANSIENT DEFLECTION

WITH POISSON'S RATIO

FIG. 12
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Deduce pavement structure from records

Define three-~layer structure as pavement model

A

Compute surface transient deflection due to
standard (3175 kg) wheel load

{

Compare computed deflection with mean value
of Benkelman Beam deflections measured
over test length

Good

Correlation
2

No Vary elastic parameters
until close correlation obtained

Yes

1 J

Model is calibrated for transient deflection

f BACK ANALYSIS PRQCEDURE TO CALIBRATE THE PAVEMENT MODEL

X FOR TRANSIENT DEFLECTION

+
]
!
i

FIG. 15




Calibrate model for transient deflection

Modify

layer to allow for higher vehicle speeds

elastic parameters for bituminous

1

Assign creep equations to layers contributing

to permanent deformation

Compute

passes of a standard (4100 kg) wheel load

rut depth after a specified number of

A

Compare

rut depths measured over test length

computed rut depth with mean value of

Correlation

close correlation obtained

Vary 'calibration factor' until

Model is calibrated for rutting

BACK ANALYSIS PROCEDURE TO CALIBRATE THE PAVEMENT

MODEL FOR RUTTING

FIG.

16
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130mm
-t
5901kN/m?2
m.
Mry; vy =04
0 Mr,=3125 MN/m?2
14 T
V2 =03
, ol ¢
o =17
£ va = 045 )
1=
\ ¢ AN
& 100
.
? 80} -
L
%))
C
E 60
9
3 o
= 40 [ | .
O | ;
o | _
by 1]
| ]
20 | TON 1
0 1000 2000 3000 4000 5000 7
Resilient modulus of surface layer - MN/m?2 ’

VARIATION OF COMPUTED SURFACE TRANSIENT
DEFLECTION WITH SURFACE LAYER MODULUS
(HILLSBOROUGH TEST SECTION, BEFORE OVERLAYING)

FIG._17
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Vehicie speed-km/hr

80 3

E sm vy oIy T 1

E

|

T
s 3
O =

"1}

w2
n O
¢
= E
v 3
&5

“g time - secs
Z

a

g 7
-« 2 3
Og »\10‘§
w O =3
Jc &
= T
32§ ,
§ﬁ ~20 &

CHART USED TO CALIBRATE SURFACE LAYER
MODULUS FOR RUTTING  ( AFTER BROWN (28) ).

~HILLSBOROUGH TEST SECTION
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. -2
computed transient deflection — mm x 10

VARIATION OF COMPUTED SURFACE TRANSIENT DEFLECTION
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130mm

590! kN/m?

P

Mr, ; v,=04

Mr, =100 MN/mf
100 2

:> Vg = 03 ¢

aol} Mry =40 Vo=

V3 = 045

A

60 £

402 =

Calibration
deflection

20

!
1
|
)

.

0

1000

2000

3000 4000 5000

resilient modulus of surface layer—MN/m?

WITH SURFACE LAYER MODULUS.

(M1

MOTORWAY _TEST SECTION).
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Vehicle speed - km/hr

80 3
600 '| voT Illll‘l T T 1
E
ff 500 } y
- % 400 t ]
) ok 4
g "
cC & .
$5 wBo—Fff---------
Cc =
= A ! )
100, .
0 : B Ry L
' ]
= 107 0 Loading time -secs
Z 77T rrrrt T
2 o | f
] e 2
-— a 1 B
5 g LI \\10 S
38 ==
25 W0 - T T O TTISTOS

CHART USED TO CALIBRATE SURFACE LAYER
MODULUS _FOR_RUTTING (AFTER BROWN (23))
-M1_MOTORWAY TEST SECTION
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80 1
+ Dbefore overiaying
o i x after overlaying 1
o .
+
4 + +»
E 3 *
£ 60 . 3 3 calibration
——_——_——r _ _ . S G 2
| . s * M + deflection
L 4 L 4
C +
Q . N
ST , T
L
[V
L
©
_ 40
€ X
g X predicted
i deflection |
X X X
X
20 : —
0.970 0.980 0.990

Chainage — km

PREDICTION OF TRANSIENT DEFLECTION _AFTER

QVERLAYING AT HILLSBOROUGH TEST SECTION
(MODEL A -20m TEST LENGTH)

FIG. 28
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100
°  Computed
x Measured
- I ]
1 Scatter
80
kS
> - Cclibro@ion .
- flecti
E T
e 7
5> i
g I
¢t T 1
i i
£ w0 >
o \
s | ~I i
' L
3 20
0
0 50 100 150 200

Thickness of overlay — mm

PREDICTION OF TRANSIENT DEFLECTIONS AFTER

QVERLAYING AT HILLSBOROUGH TEST SECTION

(MODEL A —20m_TEST LENGTH)

FIG. 30




~ 149 -

100 .
! °  Computed
! x  Measured
' f l 1
% | Scatter
80 i I
2 | |
2 | - 1
” | |
. 1
E Calf:lbrctnon |
l I
" 60—~ : 1%
" | '
; I/ ’
O t
g f I |
- |
T 4of — %
S I N 1
: 1
& 70 ; .
|
|
|
0 i 1
0 50 100 150 200

Thickness of overlay - mm

PREDICTION OF TRANSIENT DEFLECTIONS AFTER
QVERLAYING AT HILLSBOROUGH TEST SECTION

| (MODEL B —-150m TEST LENGTH)

FIG. 31




- 150 -

100
Deflection
= before overlay !
(mm x 10°%) i
100;
80 ~ —

1

. P 90;'\
. \\\

R NN

overlay — mm X 10

Deflection after
i

W,

20 T

fo——
Minimum practical
™ thickness of overlay

/

0 50 100 150 200
Thickness of overlay - mm

OVERLAY DESIGN CHART DERIVED USING THE
COMPUTER PROGRAM DEFPAV
(HILLSBOROUGH TEST SECTION)

FIG. 32




- 151 -

100 T
P | | | |
|
0 |
N Detlection
Q before overlay
> . (mm x 10%) .
£ :
£ .
| 60 I —
> [
= 60n
@ ' i
5 0 I
5 I 100:\‘ \; ]
= 30~ \4
X ! \ —
o 20 : ~ S——
- Minimum  practical \u 7
thickness of overlay
0 |
0 50 100 150 200

Thickness of overlay — mm

QVERLAY DESIGN CHART DERIVED USING THE
COMPUTER PROGRAM DEFPAV

l. (M1_MOTORWAY TEST SECTION)
] | FIG. 33




r

JIDH3A WY NVWIIMNEE 40 GvOl 133HM  dv3d ONILYINWIS = Ww 00l 40 SS3NMOIHL
AVIH3IANO  HIM NOILO3IS  1S3L AVMHOLOW LW 40 NOILVLIN3S3dd3d IN3W313 31N

k :

FIG. 34

' ’ (Y
7 =480
370 o7 apousbgng
H &
£0 00l ¥I0)  paysni) % ,m
]
E — - A
R ] 3
- ]
- @
- .Mu _
70 0s71 - IDLIYDW  SNouwN}g W 3
70 0571 - Abpsano  snoulwniig m
(JH/NW) =
L ~UIITHTFS f
]
MINY 066 40 Butpooj wiopun 000

! NIPpD,
W Qg0 DAJO PIpDO] 4O SNIpD soum abuIs

f




((v¢ udnor1n)op 1313V)
(Wwoy SSINNIIHI YTYNIWONI AVIUIAO ¥ILl3dv ONV 3HOJIN
Nivyl J.Nwz? I0ISHVYIN JQ AIANNS NOIIOINIIA0

FIG,

IINVLSIO

[ 1] [ 1] oy (14 [ ]

ol o

153 -
(ww]'Mid30 INY

Coaan o d3d M1d430 AN O ® a a °
AYIHIA0 NILIN : a [ a PY
10113371430 O3yNsSvin a .

‘Avgd430 ) . .
nIUS AVINIAO ¥ILIVY [
10011331330 03171034d ¥ a /

a
(g0t * Ww) X011331430

1l U Y AVIGIA0 ¥ILAY
1137430 Q310103%d A

Av 14320 340438
boi321430 03BNSYIA @

X))




deflection — mm x 1072

Transient

X Test section
° Section 2
100 . Section 3
} Scatter
80
60 T
il
] [ 1]
"1l 1 p *
20
0
0 10 20 30 40
Temperature — °C
(T4

INFLUENCE OF TEMPERATURE ON MEASURED
DEFLECTIONS AT HILLSBOROUGH  BY-PASS

FIG. 36 I
iﬁ; wandibnitinsiieilitionenio. s yom _..‘—_




- 155 -

100
{ Scatter

80
o
x
E
€ 60
| T
C
Q
g 40 Tt} T
; ﬂﬂf IHW
T
Ea !
C
o
}_

0

0 10 20 30 40
Temperature - °C

(T, o)

INFLUENCE OF TEMPERATURE ON MEASURED
' DEFLECTIONS AT M1 MOTORWAY (MOIRA -LURGAN)

FIG. 37




plastic _filter
£ 0- 1 ] 1 1
* E | } L 1
| @ . ! HRA.
V] i | |
‘g ! ! |
3 100 | | |
wn : + l
I i
8 . L loem
2004 ‘
£ +
g J l' Crushed
. rock
25 mm spacing
300-
SECTION X=X
(not to scale)
X 100 mm » X
[ ° T
L— r+ + + + +
1 Ao aS==nz=io o
Yol
T
i
Position of i
thermocouples l:lll
E i North-bound
— _ — Thermocouple § i carriageway
wire i
1
e
T T T T Kerb
l:l!l
Electronic — Hard shoulder
thermormeter
PLAN

(not to scale)

LAY-OUT OF THERMOCOUPLES AT HILLSBOROUGH

TEST SECTION




t ~ 157 -
Depth
30t
20t 0
| ]O
30 1
: 20 L0 mm
{
10F
\
| ' | a1 1
\
30} \\ ]
°Ll) ZOW ] 126mm
v 10} \ :
35 \
IS ' BT } [T | N
g \
& 30t \ ;
= ZOM 1 1esmm
X \ ' .
10 \
| 1 i \
\
30t \ .
\
ZOM 1 24mm
10 | .
sunrise sunset
}l PO TR RN VOIS WA WU SN VUES UUUND TN N YRR SR SR S ¢
Lam. 8 12 4Lpm. 8 12
¥ Time - hr
{
9.4

,' PAVEMENT TEMPERATURES RECORDED AT
| HILLSBOROUGH TEST SECTION ON JUNE 21, 1977

s




- 158 -
Depth
30}
20 - m . 1 O
10} ‘\ -
30 \
0 e ] 4Omm
)
10} \ )
‘\
30t \
‘|
. 1ot \ _
§ | ! b1 I L
o ’
& 30} . ]
£ \
e 20} ooy oo 1 165mm
10| \
30} \
20 [ W ] 214 mm
10} sunrise sunset 1
Lam, B 12 bpm. 8 12
Time - hr
PAVEMENT  TEMPERATURES RECORDED AT g

HILLSBOROUGH _ TEST SECTION ON SEPT 15, 1977.

FIG. 40




30t 1

20t 41 40mm
10+ o L .
e o——o
e | R i
30..
s 20} 1 124 mm
' 10t .
o o——o——0——0——0
3 ) ) | P SV
B i
S 0
&
= 20t 1 165mm
10t
o—————0—— o0
N N U S N (N G TR T AU SR T |
30* .
20+ sunrise sunset i 214 mm
104 l 1 1
4l “’l’l —_ 1:4 T | T PN S U
Lam 8 12 4Lpm. 8 12
Time - hr

PAVEMENT TEMPERATURES  RECORDED AT
HILLSBOROUGH  TEST SECTION ON  DEC. 5, 1977

FIG. 41




- 160 -

Depth
30t ) P
20t 0
]O» o_—_,,__o“m 4
] a1 L L4
30+
20} 4 40 mm
10F o o
T | T | 1 1 1 £
30+
s 20t 1 12mm
|
10 — oo 0 .
v I
> L L ! L
o
8 30k
-
o 20f 165 mm
L1 L 4 4
30t J
20} sunrise sunset 1 214 mm
O U B
' TR T S DR S R S R S | -

Time - hr

PAVEMENT TEMPERATURES RECORDED AT

HILLSBOROUGH  TEST SECTION_ON_ APRIL 18, 1978,

FIG. 42




- 161 =~

b aipmons

50 |+

100 +

Depth below surface-mm

5 10 15 20 25 . 30 35
Temperature ~ °C

TEMPERATURE  GRADIENTS IN PAVEMENT ON
JUNE 21, 1977

FIG. 43




Depth below surface -mm

0
a §
50 ¢+ o S -
100 + 1
150 +
o
12 14 16 18 20 - 22
Temperature -°C
TEMPERATURE  GRADIENTS IN  PAVEMENT
SEPTEMBER 15, 1977
FIG. 44




MN/m?

modutus

Resilient

- 163 -

8000 ‘ T v

]

D

O

o

O
7

N
NN\

| \
; i 2
4000 : \\ ‘

' T
| |
Hilisborough ’ :
test section
_— .t —

[ ‘
| model A / \\\\L\ l
model B | |
2000 -

10 20
Temperature — °C

\\\\\:
|

VARIATION OF RESILIENT MODULUS OF BITUMINOUS
MATERIAL WITH TEMPERATURE
FIG. 45

i

_




(SH3IAVI-8NS 3N SY  031300W IVIHILVIN SNONINNLIG )

ONIAVIE3A0 H§313v NOILD3S 1S31 HONOHOSSTIH 40 NOILVINISIEd3Y  INIW313 3LNIS

S70

£0

- 164 -

S

ST

00S€
0G.LE
00y
Q8L
0545
(/NI

FIG. 46

3

) ! AW YRYYYY]
=480
apoibgng

A b
o B
7 —
¥J0J  PaysnIs o 2
x
]
@
- &
- ]

- 1

o

-~ jpLSDW ~

- snouiwnig uv

i FIFFTS ‘

AU/NY 065 Jo DBuipoo) cto:c:\ _
WQELQ DoJD Pp3pDO]  JO SNIpy pDO|
193uym  abuis




- 165 -

120 l
° Model A ,
o Model B ";
— — TRRL.
100
‘YQ /
£ 80 /
- /
] /
C 4 ’
2 60 /<
s /N s !
% / /7 ~ s o
€ / 7 P /o |
T 40 R 4
c s 4%-
g L =
-
20 ;r/»_—../ S
0
0 10 20 30 40
Temperature — °C
( Tio)

VARIATION OF TRANSIENT DEFLECTION WITH TEMPERATURE
(BITUMINOUS MATERIAL MODELLED AS FIVE SUB-LAYERS)

|

1
1

| FG. 47 J




- 166 -

(H3AVT 3INO SY G3INBAOW  IWIH3LIVIWN SNONINNLIE ) |
ONIAYTH3A0 H313v NOIDIS 1S3L HONOHOESTIH 40 NOILVIN3S3HYd3d  IN3W3I3 31N

3

48

FIG.

N * b
Z=48D |
S70 G2l apnubgng !
i
]
~o7
- @
€0 SZ'IE ¥o01  paysni) ﬂ 5
'a)
* 5
- &
- ! w
H P !
T 3
- o
%0 ooLS - |IDLBIDW  SNoUIWLNyg &
( /NN - EETERN
), \:\.4_ \ !
JUNY 065 o Buippoy wwoyun poO
W Qg0 DaD papDO] O SNIPDJ j9aum  9)burs




~ 167 -

120

! o Model A
. Model B
— — TRRL.
100 l
| ,?,9
| o
E E 80 7~
z . ,
i’ 5 1
‘ 60 S
T /s
©

) A~

L
40 ,J//
~ ///

—

,4
© /’ T

T,
Transient

\\
\ WY

\

O

10 20 30 40
Temperature - °c

(46 )

VARIATION OF TRANSIENT DEFLECTION WITH TEMPERATURE
(BITUMINOUS MATERIAL MODELLED AS ONE LAYER)

FIG. 49




- 168 -

120
~——— DEFPAV (5 sub-layers)
»—— - DEFPAV(1 layer)
— — TRRL.
100
/
7;2 /-/
x
e 8 ‘—
£ / '
l / // /
S & L /]
L N gy
3 A .//.//
: NI
@ 40 S S~ //'
‘é /S S o . e
% e //
) L
20 :/é/ -
-
0
0 10 20 30 40
) Temperature — °C
(Tao)

COMPARISON OF DEFLECTION/ TEMPERATURE RELATIONSHIPS

FIG. s0




- 169 -

: START

Measure front and rear wheel
loads of vehicle

Develop computer model

Compute deflection bowls
for front and rear wheels

Draw deflection contour plan
for vehicle

Obtain, for each stage of measuring cycle,
the absolute deflections at the shoe and
the beam/beam assembly supports

Are supports
influenced by the
deflection bowls?

Apply correction to

obtain apparent

Yes deflection at each

stage of measuring
cycle

change value
for surface
layer modulus

Apparent _ Absolute

deflection deflection

Find nett deflection from apparent deflections
at each stage of measuring cycle

Sufficient range
of values
for correlation?

PROCEDURE FOR THE PREDICTION OF MEASURED DEFLECTIONS

FIG. 5]




F10H3IA WV38 NVWTEIMNIE 40 avO0l 133HM  Yv3d ONILVINWIS-
ONIAVIH3IA0 d314V  NOWDI3IS 1S3L HONOYOESTIH 40  NOILVINIS3Hd3IY IN3W3T3 31INIS

*

FIG. 52

4

Z=48D
70 sd apouibgng
—
o]
| .O 0
R . . 5
| €0 SClE %20 paysni) &
N »
- "
(]
- P
© 3
- )
70 0005 ©¥ 00S -~ jDuRIDW  sSnoulwn}ig o
(F/NW) < |
4 n ~ LITIFHT
JH/NY 065 40 buipoo) waopun pDO)

W OEI'0 D2JD P3pbo] O SNIpDI

1Paym abuis -




g .

- 171 -

(ZOINN OSL=YW) 3H3A Wv38 NVWT3IWN3

404 NvV1d HNOLNOD NOILD3N1430  WOud SNOILD3143d @3dNSvaWN 30 NOILOd3dd

ww , 01xpZ 30
S|DAII}UI JD SJNOJUO)

9035
uotyisod LONd3)ap 30US uoipisod
J0YS |Dul4 WNWIXDY  90US DY)
N
—
@
u \ “ *
¥_____ R X R
" " >
) WNWIXD A} (3
\K
o DU :
aPkd N
sjs0ddns @ccjmmmrc
wbag :
jo aboig o
103y

+17




Apparent shoe Absolute shoe

deflection deflection

GL at front legs.

Evaluation of §

4270 mm

where 65 = equivalent deflection at shoe S due to a vertical displacement

1 ___ﬁ
!‘“ 530 mm H F : Rear foot
B o - = == i .
1— 8 P : Pivot
L
8 S : Shoe
EL .- "p |
E;
Assume front legs are given a vertical displacement GL.
This is equivalent to rotation of PS' about P to PS,
Assuming negligible movement at F,
_ 4270 _
8. = T30 & = %8 8
L
Thus
Apparcnt shoe deflectrion = Absolute shoe deflection = 2.8 GL'

EFFECT OF FRONT LEG DISPLACEMENT ON MEASURED

BENKELMAN BEAM DEFLECTION

FIG. 54




- 173 -

TUINW 0GL="A) RJvao0LJ31430

403 NVId 4HNOLNOD

ww L, oLx0Z o
S|DAJSIUN JD  SINOJUO)

0G:1 9P

X jouy
° wNWIXD

(o] o

sysoddns 314>
Alquiassp Bunspew
woag jo aboyg

NOILD31430 WOY4 SNOILD31430 (G3YNSvaWw 40 NOILDId3dd

UoI33p 30US
WNWIXD

uotjisod
90ys [ouly

uoijisod
20ys DR

55

FIG.




- 174 -

Evaluation of A
(,B

SG = equivalent deflection at shoe G due to a vertical displacement

3§ at support B

: Recording head support
: Pivot
: Shoe

O Mo

Assume support B (recording head support) is given a vertical displacement

§., then, assuming no rotation at B, BE will deflect as shown,

B!
Vertical deflection of BE 1is equivalent to an upward deflection 6B at

shoe G. Thus

EFFECT OF VERTICAL DISPLACEMENT AT RECORDING HEAD

SUPPORT ON MEASURED DEFLECTOGRAPH DEFLECTION

FIG. 56

et . oo s 1 Wk s hms -



Yvaluation of %

- 175 -

g
G

ESL
\\ 6
AN Ge
. l
G
— 50mm
ae—— 1450 mm

NOT TO SCALE

Assume 3
support)

equivalent deflection
at shoe G due to a
vertical displacement

6C at support C,

upport C (T-frame
is given a vertical

displacement 6, then support

B will
corner.
Vertical

pivot E
point 50

Consider
Assuming

Consider
Vertical

pivot E
rotation

Assuming
at B,

G

Substitu

Cc

EFFECT OF VERTICAL DISPLACEMENT AT T-FRAME

C’
rotate about its rear

displacement SE at

equals that at a
mm along HC.

length HC of T-frame.
negligible movement at

50
2050 °c m

beam assembly BEG.

displacement GE at

is equivalent to
of EG' about E to EG.

negligible movement

1450
S0 % P

ting (1) in (2) gives
= 0.7 GC

SUPPORT ON

MEASURED DEFLECTOCRAPH

DEFLECTTON

FIG. 57




Benkelman Beam defiection — mm x 1072

- 176 -

150
/
100 /7’//
50
/' ° DEFPAV correlation
// ' Curfit” polynomial
/'// ~ —— Curfit straight line
/- / . — . TRRL. corretation
0
0 50 100 150

Deflectograph deflection — mm «x 107

COMPARISON OF TRRL. CORRELATION CURVE AND

THAT DERIVED USING THE COMPUTER PROGRAM

DEFPAV




- 177 -

60
E
S
£
I 40
S
F
o
O
£ /
g
&
c 20 Va
g
E
¥
0
0 20 40 60
Deflectograph deflection — mm x 1072
‘
COMPARISON OF TRRL., DOE./QU.B.__AND DEFPAV
| CORRELATION CURVES (AFTER SHAW ET AL(42))

FIG. 59




- 178 -

Wheel load

NIy,

Bituminous  layer € Tensile stran in
— o bituminous layer
Granular base
and sub-base
' o; Tensile stress
e in sub-base
Subgrade Compressive strain
\ €, in subgrade

FAILURE PARAMETERS USED IN

THEORETICAL PAVEMENT ANALYSIS

FIG. 60



-179-

NOILD3S 1S31 HONOHO8STIH IV HiId3d 1NnY 30 HIMOYO (Q31D0103%d
Aoo_ X ) SalD PIDPUDIS JO JaqWnU SAIDINWNY
BUIADUAAD 431D 901 8L0 190 SZ0 0
L 1 1 1 J
butAbpano asoyaq \..w.o mN..o m
0861 8.6l  8L6l 9.6t 7L61
AON AON IO AON AON
T T M T T 0
!
I /
s 101
\\ O H
/ & =
’ Q a
| “7a ©Pon / |, B
/ @ o
- 2 !
. 1 Q@ 3
e e 3
i - - BUiA 10¢e
Q\Km\ ﬂomi UIADHOAC v idap hu” uonpsgndy |
AL
13}1}Dg W
paINSDaW °
paindwo) . 4

FiG. 61




AD-A090 827

UNCLASSIFIED

33

BIRMINGHAM UNIV (ENGLAND) OEPT OF TRANSPORTATION AND-=ETC F/G 1372

FLEXIBLE PAVEMENT ANALYSI1S.(U)
MAY 80 M S SNAITH» D MCMULLEN DA=ER0O=-78~6~125
NL




OVOT1T 133HM
FIXV QHVANVLIS ONIUYINWIS — ( HION3T 1S31 WS - 8 1300W ) ONIAVIH3IAO

4314V NOILD3S 1S3 HONOYOGSTIH 340 NOWVINIS3Hd3Y INIW3T3 31N o

i

$

= 48D
S70 Al apobgng

P

€0 GZIE %ol paysnu)

w =~ ssawpdiyl Lo

0009 WwDPDODW U3WINjq  asusQg

] l’}

0009 Woydsp  pajlos 10H
(i) REEERN

f

- 180 -
' 4
—=| 90000 ———— 5840

52 \ J
MI/NY 029 0 DBuipoo] uwuopun
wyy('0 DaJO PIpDO] JO snipDy pooj
12aym 3bus




o e i e

NOILD3S IS3L AVMHOLON LW IV HId3Q 1NY 30 HIMOYO (Q3121034d

Awop X ) S3IXD pIOPUDIS jO JOaQuiNU  SAIDINWND

Bukopsro €6F€ €8¢ 8l (80 0
By 1 1 i J
€8 £0L 109 L0'G (VA o7¢ 09¢ 681 2A 650 0
bunsixe L 1 1 1 1 1 1 1 1 1 J
9861 86l 8.6l 7L6l 0.6l 996!
dag 1dag 1dag deg ¥ag 1dag
1 T T ¥ ] T 1 i T T v LI T T T
\\\ s_
-7/
- —_—— S >
.anEd.ONIQ — 4 - 7 \ —
— T —e 7/ _
¥ ww oS A s
e - ~ o\ _

- 181 -
\
&
A
\

-
BUKGISAG |

Pl | .\\

f\.\:il\lu lllllllllllllllll

dap jns "LONDIND)

{81 siepow y0q
o} Addp saaind

R)DS w

PNSDIW o
payndwo) ®

-l - R 1 A

ot

St

0z

T4

0t

ww-yidap ny




- 182 -

avOol T33HM JIXV CQYVAONVLS ONILVINWIS —WW0l 30 SS3INYIIHL  AVIH3A0

HLIM  NOILD3S 1S31L  AVMYOLONW

570

£0

70

70

oY

oot

00t

00zE
(JUNI)

IW 4O NOILVIN3S3Hd3H IN3W3T13 31INIS

7=48)
apoubgng

¥201 paysnu)

$

)

jDUSIDW  Shouwiwnyig

IPA $

Abpano  snouwnyg

MI/NY 0Z9 4O

Ww &%) Dam

Buippo) wiojtun

IREREAN

pDO|
199um 3abuts

G870
W - SSawydiy) J9AD"

—00L0 0810




Temperature (°C)| 10 20 30

Snaith (99) 7070 | 3720 | 1440

Model A 5800 | 2750 | 750
Modulus__values — MN/m'
£ 8000 i
< |
3
J\ \ after Snaith (25) ‘
'g 6000 Hillsborough test section
3 (model A)
£ l i
. 4000 . ,
. \ '
g | o
@ |
§ 2000 \%
3 |
)
0 | |
10 20 30 :

Temperature — °C

DETERMINATION OF. RESILIENT MODULUS OF SURFACE
LAYER AT HILLSBOROUGH TEST SECTION FOR VAROUS
TEMPERATURES

FIG, 65




- 184 -
; J
i 1
wheel i
W
| 1" fatigue Bituminous
E | Y
! cracking 1 layer
| \
| W

(@) Assumed mode of failure

Uncracked zone
4 v

‘{ { ; { L . Cracked zone

(b) Computer model

-

| SIMULATION _OF CRACK PROPAGATION THROUGH
" THE_ BITUMINOUS _LAYER

AIG. 66




- 185 -

570

£0

70

7C

——

JDIH3A Wv3d NVWIIYN3E 30 QVOT 133HM  HV3Y  ONILVINWG-

°%%EY  OlLvd  ONMIVHD HLIM

(HION3T1 1S31 WOz — VvV 1300W)

ONIAVTH3NO

43L3dV  NOILD3S 1S3L HONOHOBSMIH 40 NOILVIN3S3IYd3d  IN3IW313 1IN

i

Sl

SZ'ie

0SS

0842

(UINIA)
N

’ / WYY

{

Z =48D
apoibgng

}

) 4

}

¥501  paysru)

payoDJ) — [OUBDW  SNOULINIG

YRNY

p3a¥oDJoun — DUSIDW  SnowwNyg

AU/NY 065 40 Buipooy wwoyun
WQEI'D DAJO PIpDol Jo SNIPDS

\

TN

poO|
1Paym aburs

—eg0 P oErO— ——— 587 0——=

B

w - SSauUydIu}

FIG. 67




300

- 186 -

T

1

—e— Before overlay

—o— After overlay s
9
o/'bo
N 250 7 <
Q 7
> /o/
E 7
£ P -
;200
g L
8 _ -~ be /
..E e P /
3 150k 7
7/ '\«Q
-~ /.
5 / B _
n 7
C ? /
5 100 f/ == <7
-~ ./ \0 /
_ 7
B _ o~ _ -3 20
a - / /
£ S0 - ook
() e - / \0
//

20

40 60 80
Cracking ratio ~ °%

VARIATION OF COMPUTED TRANSIENT DEFLECTION

WITH CRACKING RATIO

FIG. 68




avol 133HM 31XV QUVANVIS  ONIIVINWIS-
.59 OILVY ONMIWVED HLM (HIONIT IS31 WQZ — VvV 1300W) ONIAVIH3A0
HIL9Y  NOILOIS  IS3L  HONOY0ESTHH 40 NOILVIN3IS3Hd3d IN3W313  FuNd

i

- ) Yy
=480
S70 St _ apuubgng
a o
] o <
it £0 SZ'\E W01  paysni) o
. I
i
- 3
N
)
70 oo/ Pa%IDI) — [DUSIDW  ShoulwNig o 3
- o
]
70 0009 pP3xIDIIUN - PUSIDW  SnoulwNiig m
B (JUININ) P EELEAN 7
IN JINY 079 40 Buippo] wiopun ! .

0y DAD D.
TR INe) D papDO|] JO SNIPDI 1Boum  ajbuIs

69




LA - o, e ——
- 188 -
1200 12
— — — Before overiay //:
After overlay s
1000 —A—/—10
g /
g /
ad /
7/
800 /f /' P 8
v e //
= // P AF/ /
2 600 /L —- —+ 6
Q / - / R
o 1 _ E
2 // - T //4( / 2
, 400 — < Al
$ J;;y% 3
ol - ’/
Y 200p=== o 2
[ —% o
r_o_,./\
0 0
0 20 40 60 80 100
Cracking ratio - %
x Tensile strain in bituminous layer, &
0 Compressive strain at top of subgrade, €,
o Tensile stress in granular layer, o7

VARIATION OF PAVEMENT STRESSES AND

STRAINS WITH CRACKING RATIO

Fig. 70

™




— — — Before overly ////ﬂ
——— After overlay pid //
1000 T — 10
/
/
A /
800 A A 18
/
/
’ 6
600
< /
2
4
o
5 400 4
E
L}
N
(VY]
= 200 2
(V]
0 0
0 50 100 150 200
Benkelman Beam deflection - mm x 1072

x Tensile strain in bituminous layer, €r
o Compressive strain at top of subgrade, €z
o Tensile stress in granular layer, OF

VARIATION OF PAVEMENT STRESSES AND STRAINS
WITH BENKELMAN BEAM DEFLECTION




NOILD3S

sabossod

Ol

]93UM  JO  J19QUINN

1531 HONOYWOESTIH 3HL IV HiId3d 1NY 40 HIMOY¥O  (G31NdW0D

!

yidep 1y Bunu

{0y
Q@
& \

]

Y

poO| JpXy

&, %ﬂ\

FIG. 72

nd - payndwon)

=

un
-—

ww — yidep

o
o~




- 191 -

NOIID3S 1S31L AVMHOION LW 3HL IV H1d3d 1nY 30 HIMOEO a31NdWod
sabossod  pauym  Jo  saquinp
Ol Ot g0l O w0l Ol
¥ ¥ (IR 0
\\\
- ] \\\\\

h\
\

Q
nJ

wdap 1N Bunuwy

T
ww — yydsp

Q
~

73

FIG.




GvO1 T133HM DN 0SE9  ONILVINAIS —
ONIAVIH3AO dH3ldv  NOILD3S IS31  HONOHOESTHH 30 NOUVINIS3YA3Y IN3W313 3LNS

74

FIG.

) _ ) 4} 3 |
¢ = 44D
570 SU aprubgng
)
- o %
' 5 ..
o €0 STIE Por paysny - qv
-t x
, 2
[T
b
N ]
o 3
O
70 0009 |DLRIDW  shoununpg >
(FU/NIW) FTrFes
A N 7~ 1
JAUNA 066 j0  Dupool  uuopun _—
w Qg0 D2/ papDol O SNIpDJ aiburs




QvOl 133HM  BY¥ 0GES ONILVINWIS —
NOLD3S 1S3L  AVMHOLON W 3O NOIIVINIS3dd3d ININII13  ILNS

FIG. 75

7 = 48)
570 07 appHang
1
<
o 2%
- ~
- D -
Tz
0 ool %201 PayYsn) 2
- 3
- (
- ¥ 3
o
70 00zZ€ - oUW snourunilg o
] - {
| (FUINW) - I EER)
) gz \ [} j

AUMNA 05§ o Bupool  wiopun poO]
woel'0 DA P3Py JO SNIPpD) paym 9ibuis

N e A5 o SBA WAL O 2.




- 194 -
| 14 r , -
Equivalence factor = [Ax(eezl(o)gd(@):] ﬁ
2H Typicad AASHO ~—— f
Hillsborough test section /
Rutting . . ;
10H Fatigue =—-=-~----- I/
b N
K /
8 Yl
Q Q [
o ¥ o
g </
S 6 F
5 /
y LIJ /
F 4 // '
2 ‘ //‘ ;
O—JX

0 4 8 ' 16
Axle load - kg x10°

LOAD _EQUIVALENCE _FACTORS _DERIVED FOR THE
, HILLSBOROUGH _ TEST _ SECTION

FIG, 76

— 4




14 r . -
Equivaience factor = [A"leazkz)%d(kg):l
2H 1Typkal AASHO ——
M1 Motorway test section
Rutting .
10H )
Fatigue ====-=---
§ 9
O
e,
8
[
]
c
9
s 6
g ,
3 / )
4 . /'1 /
/’ ,,’L;O/
/ P‘/
2 e
/4 '/
"
0 ./..‘;-‘/'.
0 4 8 12 6

Axe load — kgx10’

LOAD EQUIVALENCE FACTORS DERVED _FOR THE

M1 _MOTORWAY TEST SECTION

FIG.

17




— Jidgvd  LNOHLIM  INJW3IAVd 30 NOILVINGS3Hd3Y IN3W313 31INIS

FIG. 78

4 YYYY}
- ]
Juspuadap 300.6an

70 sSa1S € 19407 . poibgng
-
Q
' 3
. uapuadap - ?
m €0 vmmm:m z s3ho 19fD) JDINUDIY W 5
_ 3
70 0022 | J0hoy =X WopOIOW uswnjiq  9sua(g m
w o
g (; _\zzv - TN .
W JU/NY 059 J0 Buippo)  wiopiun . 5001 3

w 080’0 DoI/D PapDO] jO SNIPDI % paum aiBuIS




JigaVS HLM  IN3IW3AVd 40 NOILVIN3IS3Hd3Y IN3W313  31INd

I

79

. 3v)5 OL ION o
] t
Juapuadap
o770 ssang 9 J2AD7 apoibgng
|
£0 Gi9 G Loy 19KD|  UOISUDJ] Jﬂ
70 00zt v ko0 21qD4 AH, =
. £0 059 g »hoy T 79ko] uonsuoil  ~ %
[+
5
®
- B
]
R 3
juapusdap - 3
£0 ssalg FARR =18 5] 13Ap)  JOINUDIY
70 0022 | 19hD7 -~ 1 wopodow wsWNKq dsuad &
() = [T T
I N ]

199ym abuis

W gO'0 D9JU PIPDOl O SNIPDI

JMINY 059 40 BuipDo) c:o._.c:\ * pDO)




- 198 -

Wearing Course _
Base Course Surfacing
Granuiar or

Bituminous god
Base se
Granular Sub
Subbase Base
Foundation Soil 'Subg'ade

{a) Typical Pavement Construction

=

T - by
Bituminous y

ryV
Lcyer LI LH1
Unbound - ‘
Layer
Mfz.Vz H2
] ,

Subgrade MV, 1

Figure 80 THREE-LAYER MODEL OF A FLEXIBLE
PAVEMENT

)

My 4

MrZ'V 2

Mr3, Y3
{(a) Pavement Layers

Figure 81

Compression

(b} Distribution
of vertical
stress under
centre line of
wheel loads

(b) Analytical Model

Tension Compression

Q—T——-P

s

]

(c) Distribution
of radial
stress under

. centre line of
wheel loads

Y4

GENERAL RESPONSE OF A PAVEMENT

SUBJECTED TO A TRAFFIC LOAD

——

(d) Surface
deflection
bowl




By >

g

Figure 82 DEFINITION OF CRITICAL STRAINS

Measurement

Mg, Dy TH,
Er
b .:_
Me, )
2,72
£, H2
1
Mr3 )3

|
£

Benkelman Beam
Defiection

Insitu CBR

Computation

Fo~yz 22

@ Determination of
Resilient
Moduli

!
]
|
]
|
]
|
b—k)
!
|
1
|
'
l

@ Determination of
Critical  Strains
in Existing
Pavement

y

@ Determination of
aliowable Critical
Strains in Overkaid
Pavement

T s S U

@ Determination of
Overiay for
Fatigue and
Rutting

FLOW CHART ILLUSTRATING

PROFG3ED

MITH_C

THZ




- 200 -
° ¥
- \
Transformed :o Mry He = “{M—? x
= Te 272
:.' '4r1,\)1 Hy ..’.
— ‘: 1
.
F igure 84 EQUIVALENT THICKNESS CONCEPT
P l a | +
S— e l'_T_'j—l/ .
Mr,» -Z- Mr, 9._:;_..
_-_:-: o (r,2) ::.?,(o,z) o Ir.z)
Y =
z Z

(a) A Point Load

Figure 85

(bl A Uniformly Distributed Load

LOAD ON THE SURFACE OF A
SEMI-INFINITE MASS

4 A s S AR




|‘ ~ 201 -

\‘ <
ésurf.I . o=
Mr, B + '; = Hy bsurt. = 8subg +Cy vy
Hy et 3
‘\\ g 1 Cas H'H,
Sely. -~ r A B
1 o ¢ s -H
o HZ 1° H1 H1
Mry Hy °
2
®
§ oo 1
subgy R T
2NN
{a) Pavement Layered System
/ ¢
C2=H2-H2=81-52 C1=H1-H1 =2 83-aL
w771 ¥
wer/
& T I W 2 S
Me o [~ L=
2 He2 Mry ., =
Mey He3 s, Hy -
— ~,=—- [- - = ===
35 3 IS 1oz =i
Ml‘z V4 HZ
H2
(- J
= {’:'/: JLS - ‘OL X
SI ‘\‘___";//;:;;/’// 2I \\-‘*__z’

subg.

(b) Equivalent Subgrade
Thickness Layer

(c) Equivalent Unbound

Thickness Layer

{d) Bituminous
Layer

Figure 86 COMPONENTS OF A SURFACE DEFLECTION

x




m >

- 202 -

| (a) Strain- Life Diagram

Ne AP — > DAMAGE PATH
S 150- DAMAGE LINE

n* N, N—
N |,_2£___|
]
N—>
N,
/h

—+ DAMAGE PATH

0, —— 1S0-STRAIN LINE
! 0 (b} Damage- Life Diagram
[+
P PO S B S
L) 'L 1 n-)
1 h
031 tg
02‘ d'e
| D, 4 —> DAMAGE PATH
) (c) Damage - Path Diagram
0D 0

Figure 87 GRAPHICAL PRESENTATION OF CUMULATIVE
DAMAGE THEORY

4
4




~ 203 -
’ f:._? --------- 1
H LxQverlay ™y !
Te- -
o Ery Mry.oy H .2 Er, Mryy,
gt ‘o~
S e "= -—
Py o
o
oo Ml’z .))2 oo Mfz.\) 2
°, € H2 c €
e 24 oo 12
o2 | |
O o
P777777
Mry) 5 Mr3.05

Figure 88 CHANGES IN STRAIN LEVELS DUE TO OVERLAY

3

(b) Damage-Life Diagram

n —»

{c) Damage-Path Diagram

NOTE: B.0.- BEFORE QVERLAY A.0- AFTER OVERLAY

Figure 89 DAMAGE PROCESS IN A PAVEMENT STRUCTURE
WITH A SINGLE OVERLAY







